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ABSTRACT 

PHENOTYPIC AND GENETIC ANALYSES OF HEAT TOLERANCE IN HOLSTEINS 
USING NASA PREDICTION OF WORLDWIDE ENERGY RESOURCES (POWER) 

WEATHER DATA 

Paige Lois Rockett                                                       Advisor: 

University of Guelph, 2021                                                      Dr. Flavio Schenkel  

Heat stress can negatively impact the sustainability and productivity of a dairy production 

system even in temperate regions such as Canada. A possible mitigation strategy is to use genetic 

selection to improve heat tolerance. However, it is difficult to study heat stress using weather 

station data due to the sparsity of stations and inconsistencies within datasets. Therefore, the aim 

of this study was to assess the impact of heat stress and to estimate genetic parameters for heat 

tolerance in Canadian Holsteins using an alternative meteorological data resource known as NASA 

POWER. The results showed that NASA POWER estimates were closely correlated to weather 

station values and revealed that heat stress negatively affects milk, protein, and fat yield in 

Canadian dairy cattle, there is individual variation in heat tolerance which has a low to moderate 

heritability, and a genotype-by-environment interaction may strongly affect milk and protein yield 

causing the re-ranking of top-ranked bulls in different thermal environments. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 RESEARCH INTRODUCTION 

In the past, breeding goals for Canadian dairy cattle have mainly focused on improving 

productivity. However, breeding programs will likely become more comprehensive in the future 

by focusing on improving traits associated with animal health and welfare as well as environmental 

sustainability. Novel traits such as hoof health, feed efficiency, methane emission, immune 

response, and heat tolerance are all current traits of interest (Berry, 2015; Miglior, et al., 2017). 

Heat tolerance is a trait of interest since there is substantial evidence that heat stress can have 

numerous negative impacts on dairy cattle health, welfare, and productivity (Ravagnolo et al., 

2000; West, 2000; Kadzere et al., 2002). When used properly, management interventions such as 

fans and sprinklers can reduce the incidence and severity of heat stress in dairy cattle. However, 

breeding for improved heat tolerance could result in cumulative and permanent positive genetic 

gains over multiple generations. This would be advantageous over expensive and labor-intensive 

management interventions, whose benefits are not cumulative. 

There is only a small range of environmental variables in which endothermic animals can 

adequately preserve normal body temperature and physiological functions (Miller and Stillman, 

2012). High heat loads outside this range can cause an imbalance between heat gain and heat 

dissipation, resulting in heat stress (Das et al., 2016). The susceptibility of a dairy cow to heat 

stress depends on its breed, lactation stage, parity, management, production status, diet, body size, 

and numerous other factors. Mild to severe heat stress can be associated with an array of negative 

effects from poor productivity and suppressed immune function to organ failure and death 

(Kadzere et al., 2002). Undoubtedly, this can have a large impact on a dairy production system 
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even in temperate regions, such as Canada. For instance, the on-farm mortality rate in dairy herds 

increased by 27% during three heat waves compared to a control period in southern Ontario 

between 2010 to 2012 (Bishop-Williams et al., 2015). Furthermore, dairy cattle exposed to several 

consecutive days of heat stress in Quebec and Ontario produced on average less fat, protein, and 

energy-corrected milk than cows not exposed to high heat loads (Ouellet et al., 2019). Ouellet et 

al. (2019) also found that cows in southwest Quebec and Eastern Quebec were exposed to heat 

stress conditions for approximately 136 days per year and 95 days per year, respectively. This is a 

substantial portion of the year that dairy cattle in Quebec were most likely experiencing heat stress 

from 2010 to 2015. Therefore, improving heat tolerance in Canadian dairy cattle through genetic 

selection is a reasonable breeding goal to investigate. 

Heat tolerance in dairy cattle is typically defined in the context of production traits. For 

instance, Nguyen et al. (2018) reported that heat tolerant cows could be identified by observing 

the rate of decline in their production yields per unit increase in the environmental heat load. A 

more heat tolerant cow would have a less substantial decline in productivity as heat load increases 

relative to a cow that is more susceptible to heat stress. Ravagnolo et al. (2000) first demonstrated 

how weather station data converted into temperature-humidity index (THI) values could be 

combined with test-day production records to determine thresholds that marked the onset of heat 

stress and the subsequent decays in productivity. Several studies have shown that daily weather 

data and test-day records can also be used to estimate genetic parameters for production traits while 

accounting for heat stress (Ravagnolo and Misztal, 2000; Carabaño et al., 2016). Some countries, 

such as Australia and the United States, have even developed a national genetic evaluation for heat 

tolerance in Holstein dairy cattle (Bohmanova et al., 2005; Nguyen et al., 2013). However, ground 

observations from weather stations can be inconsistent due to yearly and daily data gaps associated 
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with instrumental failure and non-automatic equipment (White et al., 2008; Stackhouse et al., 

2018). Furthermore, networks of weather stations are sparse, especially in rural areas where dairy 

herds are generally located. The National Aeronautics and Space Administration Prediction of 

Worldwide Energy Resources (NASA POWER) provides meteorological datasets for any location 

from 1981 to near-real time and could potentially be used as an alternative weather data resource 

for heat stress studies (Stackhouse et al., 2018). 

Finally, there is a multitude of evidence that the global climate has been altered and will 

continue to change in the future. The Fifth Assessment Report released by the International Panel 

of Climate Change reported that climate change is likely to cause more negative impacts than 

positive ones on agricultural practices (Romero-Lankao et al., 2014). For instance, the prevalence 

of heat stress in livestock may increase as the maximum summer temperatures increase and as heat 

waves become more frequent and last longer (Hoegh-Guldberg et al., 2018). Additionally, the 

demand for livestock products is expected to double by 2050, because of increases in worldwide 

mean per capita income and the world population, which is projected to be between 8 and 10.5 

billion inhabitants by 2050 (Alexandratos and Bruinsma, 2012). Therefore, dairy production will 

likely have to match these increases in the global food demand, while mitigating the negative 

impacts of climate change. Furthermore, studies have shown there is a negative correlation 

between production traits and heat tolerance (Bernabucci et al., 2014). Consequently, the past 

focus on improving production traits through genetic selection without considering heat stress has 

likely increased the susceptibility of dairy cattle to high heat loads (Bohmanova et al., 2005). 

Overall, further examination of heat stress in Canadian dairy cattle is needed to address the 

potential impact it could have on the Canadian dairy industry. Furthermore, improving heat 

tolerance through genetic selection should also be investigated as a possible mitigation strategy. 
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1.2 THESIS OBJECTIVES AND OUTLINE 

The overall goal of this thesis was to assess the impact of heat stress on the productivity of 

Canadian Holsteins and to evaluate the possibility of using genetic selection to improve heat 

tolerance in Canada using an alternative meteorological data resource. The objectives were to: 

Objective 1: Compare NASA POWER weather estimates to weather station observations to 

determine if NASA POWER is a viable alternative meteorological data resource. 

Objective 2: Determine the THI thresholds at which milk, fat, and protein yield start to decline as 

well as the subsequent rates of change in these production traits for five regions in Canada. 

Objective 3: Estimate the genetic parameters for production traits while accounting for heat stress 

and determine if high heat loads cause significant re-ranking among sires used for selection 

purposes. 

The following thesis includes four chapters investigating these objectives. Chapter two 

outlines and reviews the current literature on the Canadian dairy industry, heat stress in dairy cattle, 

breeding for improved heat tolerance in livestock, and current knowledge gaps in this area of 

research. The following chapter, chapter three, discusses the results of comparing NASA POWER 

estimates to weather station observations and examines the impact of a varying THI on milk, fat, 

and protein yield in dairy cattle. Chapter four examines and reports the estimated genetic 

parameters for three production traits at high heat loads in Canadian Holsteins and assesses the 

potential effect of a genotype-by-environment interaction on production traits in different thermal 

environments. The final chapter discusses the results and conclusions of the previous two chapters 

and identifies potential future research. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 INTRODUCTION 

Heat stress can have a significant negative impact on dairy cattle health, welfare, and 

productivity as well as on the sustainability and profitability of a dairy production system. 

Therefore, heat stress in dairy cattle has been extensively researched. Studies on heat stress in dairy 

cattle have focused on a range of topics including, but not limited to, the underlying mechanisms 

of heat stress, the physiological and biochemical indicators of the onset of heat stress, management 

strategies to mitigate the negative impacts of heat stress, and genetic evaluations of heat tolerance. 

In the future, breeding goals for dairy cattle will likely be shaped by the need for sustainable 

production, restoration of functional traits, and conforming to consumers demands (Boichard and 

Brochard, 2012). A major challenge for sustainable production in the future may be managing 

stressors imposed by climate change that will likely increase the incidence and severity of heat 

stress, while maintaining high levels of productivity. The following review examines the Canadian 

dairy industry, thermoregulation, impact of heat stress on dairy cattle, heat tolerance definitions, 

indicators of heat stress based on environmental variables, genetic selection for improved heat 

tolerance, and current knowledge gaps in this field of study. 

2.2 THE CANADIAN DAIRY INDUSTRY 

The Canadian dairy industry is a growing and significant part of Canada’s agri-food sector. 

It ranks second in this sector by contributing approximately $6.99 billion in total net farm cash 

receipts. As of 2019, there were 10,371 dairy farms with a total of approximately 1.41 million head 

of cattle producing 92.26 million hectolitres of milk (CDIC, 2021). Dairying in Canada is a 

dynamic system that continues to be shaped by changing consumer demands and perspectives, 
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international trade agreements, new technologies, and genetic improvement. A brief overview of 

the current state and trends of the Canadian dairy industry is presented below. 

Canada is not a large exporter of dairy products and dairy production is primarily used to 

meet domestic needs. The dairy industry in Canada uses a supply management system based on 

controlling imports, administered pricing, and a quota system based on butterfat content in milk. 

This ensures that production meets demand, milk prices stay stable, and producers receive fair 

compensation (CDC, 2017). Canada is well known for its superior genetic quality of its dairy cattle 

as well as its robust genetic evaluations and breeding programs. Therefore, Canada is a major 

exporter of dairy cattle genetics to numerous other countries. In 2019, net exports for Canadian 

dairy genetics, which includes bovine embryos, semen, and live dairy cattle was valued at $129.2 

million. Major markets for Canadian dairy genetics include the United States, Korea, Russia, the 

Netherlands, Brazil, Australia, Japan, and Germany (CDIC, 2021). 

The demand for livestock products is expected to double by 2050 due to future increases 

in mean per capita income and the world population. The total worldwide demand for milk used 

for both fluid milk and dairy products is likely to increase to 182 million tonnes in 2030, which is 

a 54% growth from 2000 (Alexandratos and Bruinsma, 2012). However, the commercial sales of 

milk in Canada have declined since 2009, whereas the availability of milk products, such as variety 

cheeses and yogurt have steadily increased (St-Pierre, 2017). Also, the availability of other 

products, such as processed cheeses have decreased. The dairy choices of consumers are moving 

away from traditional milk and processed products to lower fat dairy products and dairy 

alternatives, such as Almond milk (St-Pierre, 2017). Nevertheless, the total milk quota, which is 

the national milk production target has steadily increased from 308 million kg of butterfat in 2010 

to 388 million kg of butterfat in 2019 (CDIC, 2021). Consumers are not only becoming more 
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health conscious, but public opinion research shows that consumers are becoming more socially 

conscious and have an increased interest in sustainability. This influences their purchasing 

decisions and the dairy industry will have to adjust to align with these changing perspectives (St-

Pierre, 2017). 

A typical Canadian dairy farm is a family-owned operation with approximately 77 Holstein 

cows (CDC, 2017). The Holstein-Friesian cattle breed accounts for 93% of the national dairy herd 

(CDIC, 2021). Other dairy breeds in Canada include Jersey, Ayrshire, Brown Swiss, Milking 

Shorthorn, Guernsey and Canadienne. A Holstein-Friesian cow averages 10,292 kg of milk per 

lactation or 34 kg per day with an average content of 3.95% fat and 3.25% protein (CDIC, 2021). 

Dairy farms are becoming larger and more automated with the use of novel technologies such as 

robotic milking and automatic cow-sorting devices. In 2016, the cost for producing one hectolitre 

of milk was $76.55, which is a -1.9% decrease from the cost of production in 2015. The most 

significant cost for a dairy producer is feed and labour. However, labour costs significantly 

decreased in 2017 when compared to 2016 (CDC, 2017).  

Dairy cows are usually housed in intensive systems with good-quality forages as their 

feedstuff. This is essential since milk production has a very high energy requirement. A well- 

mixed feed containing the animal’s entire diet, known as total mixed ration, provides adequate 

nutrition (Miller, 1979). Their diet varies depending on the production stage, genetics, and age of 

the cattle. The average lifespan of most dairy cows in an intensive dairy production system is 5 to 

6 years (Phillips, 2010). They may be culled for several reasons such as low milk yield, injury, 

disease, or failure to conceive. Common diseases and disorders in adult cattle include lameness, 

bloat, peritonitis, mastitis, displaced abomasum, bovine spongiform encephalopathy, milk fever, 
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E. coli O157:H7, bovine tuberculosis, and bovine respiratory diseases (Government of Canada, 

2007; Phillips, 2010).  

There has been a 23.1% decline in the number of dairy farms and a 2.1% increase in the 

number of cows per farm over the past decade (CDC, 2017). Although, the total number of dairy 

cows in Canada has remained relatively stable from 2011 to 2016, total milk production and 

production per cow has increased by 8.9% and 9.7% over the last 5 years, respectively (CDC, 

2017). Furthermore, the carbon footprint of the Canadian dairy sector for one litre of milk has 

decreased by 7% from 2011 to 2016 (DFC, 2019). This increase in efficiency and productivity is 

the result of improved management, precision agriculture technologies, and genetic improvement 

programs. 

Traits in breeding programs should have a high economic value, be clearly defined, 

measured consistently, and recorded at a low cost (Shook, 1989; Miglior et al., 2017). The 

economic value of a trait depends on it being a marketable commodity, such as milk yield or if it 

reduces the cost of production by diminishing the requirement for resources, such as treatment and 

labor. Alternatively, an indicator trait that is easier to measure can be used if it is highly correlated 

with the trait of interest (Shook, 1989). Multiple-trait selection indices reflect the breeding goals 

of producers, while considering the genetic relationships and variances of the traits (Philipson et 

al., 1994). The lifetime profit index (LPI) and Pro Dollars index (Pro$) are the two national 

selection indices used in Canada for the genetic improvement of dairy cattle. Pro$ is the newer 

profit-based index that targets to improve farm revenue generated by milk sales (Van Doormaal, 

2015). A selection index increases the genetic gain for several traits simultaneously by weighing 

each trait based on its perceived importance (Howard and Ensminger, 2006). For instance, the LPI 

is a multiple-trait selection index for Holsteins that has a 40% weight on production, a 40% weight 
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on durability, and a 20% weight on health and fertility (Beavers and Van Doormaal, 2019). 

Animals are ranked based on their combined genetic merit for all traits. The ranking of bulls, cows, 

and heifers optimizes breeding and culling decisions, which results in higher rates of genetic gain 

(Howard and Ensminger, 2006). 

Traditional genetic evaluations combine animal performance records and pedigree 

information to determine the genetic merit of an individual, which is expressed as an estimated 

breeding value (EBV) (García-Ruiz et al., 2016). While genomic selection uses genotyping to 

identify polymorphic genetic markers that are linked to quantitative trait loci (QTL). This 

information is used to explain more of the variance observed for a particular trait. The combination 

of pedigrees, performance records, and genetic markers are used to produce genomic estimated 

breeding values (GEBV) (Hayes et al., 2009). The use of GEBVs has improved selection accuracy 

and shortened generation intervals which has subsequently increased the rate of genetic gain for 

several traits (Hayes et al., 2009; García-Ruiz et al., 2016). Genomic selection has been especially 

useful for the genetic improvement of functional and novel traits with low heritabilities, such as 

somatic cell score and productive life (García-Ruiz et al., 2016). Since the implementation of 

genomic evaluations in 2009 into the Canadian selection indices, the rate of genetic progress in 

Holsteins has doubled. This has resulted in the average gain of 445 LPI points per year (Van 

Doormaal, 2012). Furthermore, the average gain in LPI and Pro$ reliability due to genomics in a 

Holstein heifer genotyped with a low-density panel is 39% (Lactanet, 2019). Therefore, the use of 

genomics for genetic improvement in dairy cattle has been very successful at maximizing genetic 

gains in Canada. 

Genetic selection has mainly focused on improving production traits in the past since it is 

the primary source of income for a producer. This has resulted in the deterioration of reproduction 
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and health traits due to their negative genetic correlations with productivity. This illustrates how 

excluding valuable traits from breeding objectives can have negative consequences on the overall 

performance and health of livestock (Berry, 2015). Therefore, more functional traits such as hoof 

health and mastitis resistance have been recently added to breeding goals to counteract the 

detrimental effects that have accumulated over time. This inclusion of low heritable traits is more 

feasible than in the past due to genomics and other advancements in technology. Dairy cattle 

breeding goals in Canada will likely shift in the future and emphasize the importance of 

environmental sustainability as well as animal health and welfare (Berry, 2015). A few more novel 

traits that are currently of interest are feed efficiency, methane emission, immune response, and 

heat tolerance. 

2.3 HEAT STRESS IN DAIRY CATTLE 

2.3.1 Thermoregulation 

All animals are in a constant state of dynamic change. They are continuously attempting to 

minimize systemic disturbances caused by variation in their internal and external environments. 

This complex coordinated physiological response is called homeostasis and the goal is to maintain 

a constant internal environment (Collier and Collier, 2012). Homeothermy is the maintenance of 

a stable body temperature despite fluctuations in an animal’s internal and external environment by 

balancing heat gain, heat production, and heat loss. An animal’s external thermal environment is 

defined by temperature, humidity, wind speed, solar radiation, and rainfall (Cossins and Bowler, 

1987). However, it can also be modified by microclimate factors such as housing types and 

materials, social rank, ventilation, and location in a barn (Kadzere et al., 2002). Heat stress is a 

physiological response to high environmental heat loads. It occurs when there is an imbalance 

between heat gain and heat dissipation (Das et al., 2016). 
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Heat exchange between an animal and its environment is complex. Overall, the ability of 

an animal to maintain homeothermy depends on its capability to sense and respond to changes in 

its thermal environment. There are millions of receptors or thermo-sensors located on the body 

shell and core of an animal. The input or firing rate from these receptors are transmitted and 

processed by the central nervous system, which sends signals to the thermoregulatory effectors to 

change heat production or heat loss through a variety of processes (Collier and Collier, 2012). The 

balancing of heat exchange determines an animal’s total body heat content and consequently their 

core body temperature. A steady core body temperature can be achieved through the integration 

of several processes.  

These processes are metabolic heat gain, convective heat exchange, conductive heat 

exchange, radiant heat exchange, and evaporative heat loss (Collier and Collier, 2012). The 

primary source of heat production is an animal’s metabolism, which yields the energy that is 

essential for sustaining life through biochemical processes (Cossins and Bowler, 1987). Sensible 

heat loss pathways require a temperature gradient between an animal and its environment. These 

pathways include conduction, convection, and radiation. Whereas evaporation heat loss does not 

require a temperature gradient between objects. Heat is lost from a surface when thermal energy 

converts liquid to a gaseous state (Cossins and Bowler, 1987). Passive evaporation occurs through 

the skin and respiratory surfaces. While active evaporation occurs at the sweat glands and within 

the upper region of the respiratory tract (Collier and Collier, 2012). 

Thermoregulatory profiles are used to depict heat exchange in a changing thermal 

environment. It can show how body temperature, metabolic heat production, sensible heat 

exchange pathways, and evaporative heat loss can vary when there is a deviation in the thermal 

environment of an animal. A typical thermoregulatory profile for a mammal is shown in Figure 
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2.1. The thermoneutral zone (TNZ) is the range of environmental heat loads at which an animal 

expends the minimalist amount of energy to maintain normal core body temperature (Bernabucci 

et al., 2010). The TNZ for a dairy cow is estimated to be between the ambient temperatures of 5 

to 20ºC (Kadzere et al., 2002). However, other environment factors such as wind speed, humidity, 

solar radiation, and rainfall as well as microclimate conditions can impact an animal’s TNZ. Most 

mammals are stenothermal, which means they have relatively restricted TNZ (Miller and Stillman, 

2012). They also have a high basal metabolic rate, which results in a high level of internal heat 

production (Cossins and Bowler, 1987). Nevertheless, stenotherms can control their body-core 

temperature to within ± 1ºC (Robertshaw, 1974). This is achieved by managing evaporative heat 

loss and sensible heat exchange pathways as well as modifying behavior and physiological 

processes (Berman, 2011; Collier and Collier, 2012). Sensible heat loss pathways are most active 

when an animal is within or below their TNZ, whereas heat loss through evaporation is least active 

within or below this zone (Cossins and Bowler, 1987). In this zone, an animal’s thermal stress is 

minimized, and their body temperature is steady. Therefore, the largest amount of energy is 

available for growth, reproduction, and production (Swan, 1974; Collier and Collier, 2012). 

Adequate thermoregulation becomes more difficult as animals approach their critical 

tolerance limits. Thermal loads that exceed the limits of an animal’s TNZ causes strain on their 

biological systems (Collier et al., 2017). However, an animal that is no longer within its TNZ can 

still actively maintain a stable body temperature by prompting behavioral and physiological 

responses (Collier and Collier, 2012). Bianca (1961) hypothesized that mild heat stress occurs 

when “the thermoregulatory mechanisms of the animal can cope completely with the heat load so 

that the body temperature remains normal”. Although there is some disagreement, the thermal load 

at which an animal starts to have mild heat stress could be defined as the upper critical temperature 
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(UCT). Above the UCT, the use of sensible heat loss pathways decreases and can become null if 

the temperature of environment matches an animal’s skin temperature. Therefore, animals begin 

to rely more on evaporative heat loss because sweating and panting does not rely on a temperature 

gradient with the environment (Cossins and Bowler, 1987). Animals also still use various 

behavioral tactics such as seeking shade to relieve heat stress when in an environment with a 

temperature above their UCT (Kadzere et al., 2002). Performance of the animal may start to decline 

after UCT, because nutrients are diverted from the synthesis of by-products such as milk 

production to maintaining body temperature (Collier and Collier, 2012). 

An animal may experience moderate to severe heat stress if the environmental thermal load 

continues to rise. This reduces their ability to maintain euthermia, which is the state of having a 

constant and normal body temperature (Cossins and Bowler, 1987). Most animals can only survive 

for short periods of time past this zone (Swan, 1974). This is when evaporative heat loss becomes 

limited due to factors such as high humidity or the exhaustion of thermoregulatory mechanisms 

(Collier and Collier, 2012; Moran et al., 2007). For instance, a high rate of sweating can fatigue 

the sweat glands further reducing an animal’s ability to dissipate heat, whereas high humidity 

reduces the water vapor gradient that drives evaporative heat loss (Cossins and Bowler, 1987). 

Furthermore, the metabolic rate of severely heat stressed animals can start to rapidly increase 

(Collier and Collier, 2012). Therefore, animals can experience excessive heat accumulation due to 

high environment heat loads, higher internal heat production from an overly active metabolism, 

and a lack of heat dissipation. This subsequently increases their body heat content and body 

temperature (Moran et al., 2007). High body temperatures directly and indirectly negatively impact 

the performance, health, and welfare of dairy cattle. 
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2.3.2 Effects of Heat Stress 

There is substantial evidence that high environmental heat loads have severe consequences 

for dairy cattle welfare and productivity (Kadzere et al., 2002; Nardone et al., 2010; Tao et al., 

2018). Furthermore, dairy cattle are extremely prone to heat stress due to their high metabolic heat 

production associated with high milk production and rumen fermentation (Collier and 

Gebremedhin, 2015). A dairy cow suffering from heat stress will experience changes in their 

respiration rate, heart rate, rate of panting and sweating, and water intake as well as decreases in 

feed intake, reduced fecal and urinary water output, behavioral changes, and altered physiological 

and biochemical processes (Kadzere et al., 2002; Nardone et al., 2010). Overall, this can affect 

their blood pH, metabolism, digestive tract, production responses, nutrient digestibility, health, 

and reproduction. Severe heat stress can even cause heat stroke, heat exhaustion, heat syncope, 

heat cramps, organ dysfunction, and death (Bernabucci et al., 2010). 

A hyperthermic cow can have a negative energy balance due to their reduced feed intake. 

This negatively affects their body weight, biometric parameters, and body condition score. These 

changes can affect the metabolic and digestive functions of dairy cattle. For example, chronic heat 

stress is associated with subclinical and acute rumen acidosis (Kadzere et al., 2002). Reproduction 

is also affected by heat stress by negatively impacting dam fertility and the viability of fetuses as 

well as the overall health of calves. For instance, high heat loads can negatively influence placental 

development, fetal growth, mammary gland development, and immune competence of the 

neonates (Tao and Dahl, 2013). Heat stress can impair luteal function, alter gonadotrophin 

concentrations, decrease conception rate, increase embryo mortality, and estradiol secretions as 

well as modify estrus expression and follicular growth (Kadzere et al., 2002). Calves that 

experienced heat stress in utero may also have a less developed immune system, potentially caused 
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by a decreased ability to absorb colostrum (Stull et al., 2008). There still is some debate on whether 

the immune system of adult cattle is negatively affected by heat stress. For instance, in Holsteins 

experiencing moderate heat stress the proliferation of peripheral blood mononuclear cells, 

colostrum concentration of immunoglobulins and serum levels of immunoglobulin G were not 

modified (Lacetera et al., 2002). However, high heat loads have appeared to impair the cell-

mediated immunity of high performing dairy cows (Lacetera et al., 2005). The effect of heat stress 

on the immune system may depend on the breed. For example, the peripheral blood mononuclear 

cells in Holsteins may be more tolerant to chronic heat stress than Brown Swiss dairy cattle 

(Lacetera et al., 2010). 

Heat stress can also affect milk yield, quality, and composition (Tao et al., 2018). For 

instance, heat stress can lower milk production in dairy cows by 35-40% (West, 2003). However, 

the extent of this impact is dependent on a cow’s lactation stage. This reduction in milk yield may 

result from different mechanisms at different lactation stages (Tao et al., 2018). For instance, heat 

stress can cause permanent damage to the mammary glands of dry and mid-lactation cows. This 

impairs milk production even after heat waves have ceased as well as in future lactations. Mid-

lactation cows also have a greater reduction in milk yield during heat stress compared to their 

early- and late-lactation counterparts (Johnson et al., 1988). Milk quality may also be negatively 

affected by heat stress since the occurrence of mastitis in dairy cows can increase as temperature 

and humidity increase (Jingar et al., 2014). Furthermore, Smith et al. (2013) showed that SCS 

increased during heat stress in dairy cattle. However, a study also showed that heat stress cows 

have similar milk somatic cell score (SCS) to cows in thermoneutral environments (Tao et al., 

2018). There is also some conflicting evidence on how heat stress negatively affects milk 

composition. For instance, Tao et al. (2018) found no definite evidence on the impact of heat stress 
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on milk protein percentage. In contrast, the milk fat, solids-not-fat and milk protein percentage 

decreased by 39.7%, 18.9%, and 16%, respectively, when Holstein cows were exposed to ambient 

temperatures of 30 °C in another study (Kadzere et al., 2002).  

This discussion only reports a few of the negative effects that heat stress can have on health, 

reproduction, and productivity dairy cattle. Nevertheless, it is evident that heat stress can be 

detrimental to dairy cattle. Several possible strategies that could mitigate these impacts are being 

thoroughly investigated. These solutions include, but are not limited to, housing alterations, 

technology interventions, and novel diets as well as the use of genetic selection to improve heat 

tolerance and decrease the environmental sensitivity of dairy cattle. 

2.3.3 Management of Heat Stress 

Climatic variables such as wind, humidity, and solar radiation as well as housing 

conditions, such as animal density and access to pasture affects the incidence of heat stress in dairy 

cattle (Berman, 2005; Das et al., 2016). Therefore, producers alter housing conditions and 

implement technological interventions to control the environment on dairy farms and minimize 

the occurrence and severity of heat stress. For example, producers implement fans, sprinklers, 

ventilation, filtration systems, and shade structures to reduce the heat load in an animal’s 

environment (Collier et al., 1982; Nickerson, 2014). They can also use nutritional intervention, 

such as avoiding feeding additional starches during the summer as it may further increase the risk 

of rumen acidosis in heat-stressed cows (Baumgard and Rhoads, 2009). Overall, management of 

an animal’s environment is a very effective tool at diminishing the incidence of heat stress in dairy 

cattle. 

However, genetic selection provides certain advantages over management interventions. 

Firstly, the extent that intensive management can minimize heat stress in dairy cattle may be 
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limited. For example, it is challenging to manage heat stress due to individual variation in heat 

tolerance. This may become even more difficult as the number of dairy cows continue to increase 

per farm. Additionally, novel technologies used to reduce heat stress can only be implemented on 

a dairy farm if it is cost-effective (Gunn et al., 2019). Secondly, genetic selection for a particular 

trait typically results in cumulative and permanent favorable gains, which can be higher and faster 

for traits with high heritability and with small generation intervals (Baes et al., 2018). 

Alternatively, positive repercussions from management interventions are not passed down to 

subsequent generations. Overall, if possible, a successful breeding program for improving heat 

tolerance could reduce the need for treatment and culling caused by heat stress. However, genetic 

selection for improved heat tolerance would not reduce the need for proper management (Shook, 

1989). Dairy cattle cannot reach their full genetic potential if they are lacking appropriate care and 

housing conditions (Baes et al., 2018). Therefore, management and genetic selection strategies 

with the aim of reducing the impact of heat stress on dairy cattle have unique limitations and 

advantages. They should be simultaneously implemented to maximize the success of reducing the 

negative effects of heat stress and one should not be considered without the other. 

2.4 BREEDING FOR HEAT TOLERANCE 

2.4.1 Understanding Heat Tolerance 

Animals require effective thermoregulatory mechanisms to maintain a stable body 

temperature and subsequently preserve physiological form and function (Kadzere et al., 2002). 

However, there is only a small range of environmental variables in which endothermic animals 

can adequately preserve homeothermy and this range is defined by their thermal tolerance limits 

(Miller and Stillman, 2012). Environmental heat loads outside an animal’s tolerance limits are 

stressors, which disrupt homeothermy and can cause physiological strain (Collier and Collier, 
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2012). Animals have evolved behavioral and physiological mechanisms to exercise precise control 

over their thermoregulation and heat exchange (Cossins and Bowlers, 1987). These mechanisms 

differ between species, breeds, and individuals. An animal with a higher tolerance may have the 

capacity to grow, thrive, and maintain fitness despite being exposed to an unfavorable 

environmental factor (Simms, 2000). 

There are several different definitions of heat tolerance for dairy cattle. Carabaño et al. 

(2019) defined a heat tolerant animal as one that maintains homeothermy under high environment 

heat loads. The heat tolerance of a dairy cow has also been described as her ability to endure the 

impact of an environment with a high temperature without suffering negative side effects (Bianca, 

1961). Alternatively, heat tolerance is commonly defined using different heat stress indicators, 

such as milk yield and body temperature, which indicate if a cow copes well with high heat loads. 

For example, Nguyen et al. (2016) proposed that heat tolerant cows could be identified by 

observing their rate of decline in milk, fat, and protein yields per unit increase in environmental 

heat load. In a heat tolerant cow, milk and component yields will decline more slowly in response 

to increasing heat loads than in a cow that is more susceptible to heat stress (Nguyen et al., 2016). 

Poor heat tolerance could also be defined as an individual whose body temperature will start rising 

earlier or at a higher rate than other individuals under the same conditions (Moran et al., 2007). It 

also is important to note that the definition of tolerance is not consistent throughout animal science 

literature and it is commonly referred to as resistance and resilience. For example, Galán et al. 

(2018) defined heat stress resilience as “the animals’ response to a heat challenge in terms of 

maintaining thermal balance and recovering homeostasis”, which is very similar to the above 

definitions for heat tolerance.  
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The tolerance of a dairy cow to heat stress is determined by herd and individual factors, 

acclimatization, and genetic adaptations. For instance, animals may have a lower heat tolerance 

due to individual and herd factors that make them more vulnerable to heat stress. These factors 

include, but are not limited to, age, lactation stage, diet composition, heat stress management, 

previous climatic exposure, reproduction stage, developmental stage, parity, housing conditions, 

latitude, state of health, social ranking, and reproduction stage. These factors and many more 

significantly influence an animal’s vulnerability to heat stress (Bianca, 1961; Collier et al., 1982). 

Acclimatization is the coordinated phenotypic response to environmental stressors, which will 

dissipate if the stressors are removed (Collier et al., 2017). Acclimatization can be induced by 

sudden environmental changes or seasonal cues. It results in the adjustment of cellular, metabolic, 

and systemic processes that reduce the impact of the stressor and allows an individual to function 

more effectivity in a new environment. Generally, there is a loss in productivity as animals 

progress through the acute phases of acclimatization, but some or even all this productivity is 

restored after the animal is fully acclimatized (Collier and Collier, 2012). 

However, there are limitations to acclimatization. For example, disastrous losses in 

domestic livestock can occur from quick and extreme changes in climatic factors since animals 

take from several days up to a few weeks to acclimatize. Furthermore, if hot conditions are 

prolonged, the ability of an animals to sustain acclimatization can become exhausted. Finally, the 

benefits from acclimatization are not passed on to succeeding generations; only the ability to 

acclimatize can be inherited (Cossins and Bowler, 1987). Lastly, genetic adaptations can reduce 

the physiological strain imposed by adverse environments (Collier et al., 2017). Unlike 

acclimatization, these traits do not disappear after the stressors subside. A common example of a 

thermal adaptation are animals with more effective regulation of their core body temperature. This 
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could be due to permanent differences in metabolic heat production, skin and respiratory heat loss, 

or coat characteristics. Generally, differences in these factors and others can be associated with 

improved thermotolerance (Berman, 2005; Collier et al., 2017). For example, the physiological 

upper limit for sweating rate may vary among dairy cattle. Therefore, some dairy cows may have 

a greater capacity for sweating, which may increase their tolerance to high heat loads. 

Alternatively, variations in their cellular heat shock response could also reduce a cow’s 

susceptibility to heat stress (Collier and Collier, 2012). 

It is widely known that species, breeds, and individuals have different capacities for 

tolerating high heat loads. This could be illustrated by differences and shifts in their TNZ and 

UCT, because of herd or individual factors, acclimatization, or genetic adaptations (Collier and 

Collier, 2012). In principle, a more heat-tolerant animal is one that maintains homeothermy or 

optimum body temperature under high environmental heat loads. Still, from a livestock breeding 

point of view, heat tolerance is likely to be defined in terms of maintaining productivity or 

reproduction under hot conditions (Carabaño et al., 2019). However, heat stressed individuals may 

relocate resources away from other functions to maintain performance in another function (Rauw 

and Gomez-Raya, 2015). Therefore, a heat tolerant cow may reduce her milk yield at high heat 

loads to maintain fertility and longevity or she could maintain her milk yield under large stresses 

at the cost of reduced fertility and an increased risk of mortality. Alternatively, perhaps a heat 

tolerant cow may only have a reduction in performance once at risk of mortality (Misztal, 2017). 

Therefore, animals may have different biological optimum temperatures and responses to heat 

stress in terms of different health, growth, reproduction, and production traits (Collier and Collier, 

2012).  
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The response of an animal to a stressor involves multiple levels of biological organization 

including cellular, behavioral, metabolic, and physiological changes (Collier et al., 2017). Their 

response may vary depending on the duration, severity, and frequency of the stressor as well as 

individual or herd factors, acclimatization, and genetic adaptations. Overall, heat tolerance can be 

permanent or temporary, and it can be inherent at birth or acquired throughout a lifetime (Moran 

et al., 2007). Therefore, heat tolerance is a complex phenomenon that is determined by numerous 

factors resulting in variation among individuals. 

2.4.2 Heat Stress Indices 

A heat stress index is a single value that predicts the thermal strain imposed onto an animal 

by weighing different environmental and physiological factors. However, it is difficult to collect 

consistent measurements of physiological parameters for a large number of animals. Consequently, 

the most used indices are composed of fundamental environmental parameters such as air 

temperature and relative humidity (Epstein and Moran, 2006). It has been estimated that more than 

100 indices have been developed to assess the impact of heat stress on humans and livestock in 

the past 150 years (Hahn et al., 2009). Previously, these indices have been used to guide 

management decisions and assess losses in livestock performance. More recently, they have been 

used to quantify heat stress in dairy cattle and to study heat tolerance. 

Heat stress is influenced by ambient temperature, humidity, air movement, rainfall, and 

solar radiation. Air temperature is commonly represented as dry-bulb temperature (Tdb), which 

represents the sensible heat content of air. Air temperature is the major driving force for heat 

exchange (Hahn et al., 2009). Wet-bulb temperature (Twb), dew-point temperature (Tdp), and 

absolute and relative humidity (RH) are used to represent the amount of moisture in the air. The 

amount of moisture in the air influences the rate of evaporative heat loss from animals through 
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their skin and lungs (NRC, 2001). Several indices have been developed to quantify the impact of 

heat stress on humans and livestock based on these variables (Brügemann et al., 2012). A few of 

the heat stress indices that have been used in dairy cattle heat stress studies are presented in Tables 

2.1 and 2.2. 

One of the first indices that was established was the effective temperature (ET) index 

created by Houghton and Yaglou in 1923 (Epstein and Moran, 2006). This index combines the 

effect of air temperature, humidity, and air movement on human comfort levels into a single value 

(Thom, 1959). Lind and Hellon in 1957 developed the Oxford index (WD), which weighted Twb 

and Tdb based on human’s reliance on sweat evaporation. In 1962, Bianca modified the WD for 

cattle to reflect their different capacity for evaporation. This is because cattle mostly use 

evaporative cooling through their respiratory tract, which is less efficient than sweating and more 

dependent on humidity. This weighted index value (WV) was a more accurate representation of 

changes in rectal temperature in Ayrshire cattle during heat stress than the WD (Bianca, 1961). 

The wet-bulb globe temperature (WBGT) index is based on the corrected effective temperature 

(CET) index. The coefficients from these equations have no physiological correlations and were 

determined empirically (Epstein and Moran, 2006). Other heat stress indices include the equivalent 

temperature index (ETI) (Baeta et al., 1987), the environmental stress index (ESI) (Moran et al., 

2001), the index of thermal stress for cows (ITSC) (Da Silva et al., 2015), the heat index (HI) 

(Schoen et al., 2005), the heat load index (HLI) (Gaughan et al., 2008) and the comprehensive 

climate index (CCI) (Mader et al., 2010). 

The most used index for studying heat stress in Holsteins is the empirically derived 

temperature-humidity index (THI). The THI is based on the discomfort index invented by Earl C. 

Thom, which predicted the combined effects of both high temperature and humidity at low air 
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velocity on human comfort (Thom, 1959). It was found to be highly correlated to the CET index 

(R2 = 0.9466). Interestingly, the CET index includes the effects of solar radiation and wind 

velocity. It also reflects the physiological changes of sweating rate in humans (Epstein and Moran, 

2006). There are different variations of the THI due to the inclusion of temperature in Fahrenheit 

(°F) or Celsius (°C) and the use of either Twb, Tdp, or RH to express air moisture content. 

Although THI reflects changes in ambient temperature and humidity, it does not include 

the effect of solar radiation and wind (Hahn et al., 2009). Thermal radiation and airflow can be a 

driving force in heat exchange for dairy cattle, especially for individuals that are in unsheltered 

environments, such as pastures. Therefore, many researchers have modified the original THI or 

developed new heat stress indices to estimate the effects of thermal radiation and wind (Hahn et 

al., 2009). For instance, Eigenberg et al. (2005) derived the respiratory rate predicator (RRP) that 

related environmental parameters to the physiological response of heat stress in feedlot beef cattle. 

This equation predicted the change in respiratory rate per unit change of the THI and included 

solar radiation load and air movement. This is a helpful predicator as an increase in respiration rate 

is usually the first sign of heat stress (Eigenberg et al., 2005). Baeta et al. (1987) also defined ETI 

heat stress thresholds at different wind speeds (Collier and Collier, 2012). These varied from THI 

thermal thresholds and may more closely reflect the actual thermal load cattle are experiencing. 

Buffington et al. (1981) also developed an alternate index called the Black-Globe Humidity Index 

(BGHI), which used the black-globe temperature (Tbg) instead of Tdb. They found that when 

animals are exposed to a significant level of thermal radiation, the BGHI was a more accurate 

indicator of animal comfort and performance than the THI. However, both the THI and BGHI 

were equally correlated to rectal temperatures and respiration rates for animals housed under 

shaded structures (Buffington et al., 1981). 
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Indices that do not account for solar radiation and wind speed may incorrectly estimate the 

heat stress sensitivity of dairy cattle that are exposed to high solar radiation or low wind speed 

(Zimbelmann et al., 2009). However, it is difficult to find large consistent datasets of solar 

radiation and wind speed measurements. Furthermore, most dairy cattle in Canada are housed 

inside and have protection from solar radiation during the summer. Although, there may still be a 

conductive effect from the shade structure if it contains metal, which can radiate heat (Zimbelmann 

et al., 2009). Berman (2005) estimated that shade structures add 3°C to the effective ambient 

temperature around the animals. These structures also partially block wind, which reduces the 

convective cooling effect that can alleviate heat stress. An alternative approach to developing a 

new heat stress index is adjusting the original THI equation. For example, Mader et al. (2006) 

adjusted the THI for wind speed and thermal radiation, which accurately assessed the thermal 

discomfort of cattle. The adjusted THI (THIadj) varied from the original THI values by 

approximately 6 to 25 units depending on the wind speed and solar radiation. St-Pierre et al. (2003) 

also adjusted the THI to account for three different cooling management systems. This included 

systems of fans or forced ventilation, combination of fans and sprinklers, and high-pressure 

evaporative cooling systems. 

Several studies have also compared heat stress indices (Bohmanova et al., 2007; Dikmen 

and Hansen, 2009; Li et al., 2009). For instance, a study measured the strength of the linear 

relationship between eight different thermal indices and heat stress in lactating dairy cattle. They 

found that THIadj, BGHI, and RRP were the most correlated with skin temperature and were better 

at estimating the initiation of a heat stress response in different cattle breeds from various locations 

in the United States than THI, ETI, ESI, and Tbg (Li et al., 2009). Bohmanova et al. (2007) found 

that indices with a large weight on humidity were better predictors for cattle in regions with high 
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humidity and indices with a small weight on humidity were better for cattle in low humidity 

regions. The indices that were more accurate for high humidity regions were WD and WV, which 

had the highest Twb and Tdb ratio (Bohmanova et al., 2007). Therefore, the impact of heat stress 

may be underestimated by other THI equations in humid regions. As a solution, Berman et al. 

(2016) developed a new sensible heat THI (THIs) that included a Tdb by RH interaction 

representing 81% of the THIs variance. THIs was compared to six other thermal indices and 

researchers found that they had similar values at low humidity, but THIs had greater values at 

higher humidity. Therefore, THIs is potentially a better indicator of heat stress in warm-humid 

conditions. Furthermore, additional elements such as convective heat loss or radiant heat gain 

could be integrated into this index, given that they use the same units (Berman et al., 2016). 

Finally, Hammami et al. (2013) evaluated six different thermal indices assessing the effect 

of heat stress on production traits of Holsteins in temperate conditions. They found that all indices 

could be used to identify heat stress thresholds, but concluded that the THIadj was the best indicator 

of heat stress in temperate regions (Hammami et al., 2013). Overall, most of these indices are not 

suited for dairy cattle housed in free stall barns in temperate regions. The most appropriate heat 

stress index for cows living in those environments are any of the THI variations or adjustments, or 

the CCI. The BGHI could also be useful for assessing dairy cattle that are grazing on pasture in 

temperate regions (Herbut et al., 2018). The other indices are only suitable for dairy cattle living 

in tropical environments. 

Furthermore, these indices assess the thermal load at a certain time point and ignore the 

cumulative effects of heat stress over time. Intense and persistent heat waves can exhaust heat loss 

pathways and diminish the opportunity for recovery cooling at night. Night-time cooling is 

essential for dairy cattle to dissipate heat gained from the previous days and helps them cope with 
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relatively high daytime temperatures. In other words, extreme heat events remove the safety 

margin that usually minimizes the effects of high heat loads (Igono et al., 1992). Therefore, heat 

stress effects are amplified if heat events are prolonged for multiple days or if they have above- 

average temperatures especially during the night (Hahn et al., 2009). The THI-hours approach 

assesses the magnitude of heat waves, which is the interaction between intensity and duration. 

Daily THI-hours represents how many hours the THI was above an animal’s thermal threshold 

over 24 hours and is calculated using this equation: Daily THI-hrs = ∑ (𝑇𝐻𝐼 − 𝑏𝑎𝑠𝑒) (Hahn 

and McQuigg, 1970). Where, THI is the THI value for hours 1 to 24 and the base is the specified 

thermal threshold. The greater the amount of time an animal spends above their thermal threshold, 

the greater the strain (Hahn and McQuigg, 1970). 

Overall, these indices have made it possible to study the relationship between dairy cattle 

performance and heat stress. Consequently, researchers can use a relatively simple low-cost 

technique that depends only on access to already widely used databases of production traits and 

weather information. However, further investigation is needed to develop alternatives that better 

indicate the full impact of heat stress by including the effects of prolonged and intense heat events 

as well as factors that are specific to each herd such as management and housing systems, which 

also influence the incidence and severity of heat stress. 

2.4.3 Crossbreeding and Introgression 

There are several possible benefits from crossbreeding purebred dairy cattle. For instance, 

first generation crosses can obtain advantageous characteristics from both breeds as well as exhibit 

heterosis. Heterosis is the phenomenon in which crosses between purebred individuals are more 

robust and have a higher expected average than the average of their parents for a particular trait 

(Sørensen et al., 2008). These offspring are typically less sensitive to environmental stressors than 
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their purebred parents. Several studies have researched the advantages and disadvantages of 

crossbreeding bovine breeds to improve environmental sensitivity and heat tolerance. 

Bos indicus or Zebu cattle are typically viewed as being more adapted to warm climates 

than Bos taurus cattle. These breeds may have acquired traits that confer higher thermotolerance, 

such as more efficient body temperature regulation, lower metabolic rates, increased capacity for 

heat loss, less tissue resistance to heat flow from the body core to skin, larger and more sweat 

glands, and hair coats that enhance conduction and convection as well as reduce solar radiation 

absorption (Hansen, 2004). However, Berman (2011) found that there is a lack of support that 

Zebu cattle have an evolved higher capacity for heat dissipation. For example, hair coat attributes 

in warm climates likely reflect the effects of management and seasonal changes rather than genetic 

differences, except for the SLICK haplotype. These breeds may have not adapted to warm 

climates, but have lower maintenance requirements due to their low milk yields (Berman, 2011). 

Nevertheless, a reduction in heat stress sensitivity can still be achieved by crossbreeding warm 

climate breeds with temperate breeds. However, offspring from crosses with Zebu cattle have 

relatively low production and are difficult to manage under intensive management (Misztal, 2017).  

Alternatively, crossbreeding different Bos taurus breeds may improve heat tolerance. For 

instance, Dikmen et al., (2009) found that crosses between Jersey and Holsteins had a lower 

vaginal temperature under grazing conditions than purebreds because of heterosis. However, 

managing crossbreeding to retain heterosis is challenging, especially since extensive crossbreeding 

is not as commonly implemented in breeding programs for dairy cattle as it is for other livestock, 

such as swine (Sørensen et al., 2008; Misztal, 2017). Heterosis effects can also be irregular across 

generations and the results from crossbreeding first generation offspring often deviate from 

predictions (McDowell et al., 1996; Misztal, 2017).  
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Otherwise, introgressing specific genes from Zebu cattle associated with thermotolerance 

may be a promising alternative. The ‘slick coat’ trait found in Senepol cattle is associated with a 

decreased sensitivity to heat stress (Berman, 2011). The introgression of the SLICK variant from 

Senepol cattle into temperate dairy cattle breeds could improve their heat tolerance. Holsteins with 

the SLICK haplotype had a smaller decrease in daily milk yield in the summer and a lower body 

temperature, which is potentially attributed to an increased capacity for sweating. However, the 

effects of the SLICK haplotype on milk composition should first be determined (Dikmen et al., 

2014). Furthermore, the introgression of the slick trait into temperate dairy breeds is a slow process 

that can take several years. Instead, heat tolerant gene variants, such as the SLICK haplotype, could 

be introduced to temperate genetic backgrounds through gene editing (Davis et al., 2017). 

In summary, crossing purebred temperate dairy cattle with tropical dairy breeds as well as 

crossbreeding temperate dairy cattle breeds can produce more thermotolerant individuals. 

However, offspring have relatively low production compared to Holsteins and heterosis effects are 

difficult to maintain over generations. Therefore, selective breeding within a dairy cattle breed to 

improve heat tolerance is a more appropriate solution than crossbreeding. Nonetheless, the 

introduction of specific thermotolerance genes like the SLICK haplotype into temperate breeds 

using introgression or gene editing should be further investigated. 

2.4.4 Genotype-by-Environment Interactions 

The physiological and behavioral responses of an animal to an environment depends on 

their genotype and previous experiences (Baye et al., 2011). However, the expression of a genotype 

can be altered in different environments. This is called phenotypic plasticity and it can result in a 

wide range of phenotypes. Furthermore, a genotype-by-environment interaction (GxE) means that 

environmental factors do not have the same effect on every genotype. Ultimately, this interaction 



 

29 

could produce variation in environmental sensitivity among animals (Baye et al., 2011). A GxE 

can be identified if the relative performance of two or more genotypes is measured in two or more 

environments (Bowman, 1971; Misztal and Lovendahl, 2012). A genotype in this context refers to 

a breed, individual, strain, or family. An animal’s environment can be defined by several factors, 

such as geography, weather, management type, seasonal changes, and nutrition (Misztal and 

Lovendahl, 2012). Since an environment can be defined by its temperature and humidity, many 

studies have investigated how an interaction between genotypes and weather changes can affect 

the performance of dairy cattle. 

The expression and function of some genes can be modified by certain environmental 

changes. This results in trait measurements being partly influenced by different genes in different 

environments (Falconer, 1990). The magnitude of the genetic correlation between the trait 

measurements in different environments reflects the extent at which the trait measurements are 

influenced by the same genes. A GxE can cause a re-ranking of breeding values and/or a scaling 

effect across environments (Bowman, 1971). A scaling effect is when there is heterogeneity in the 

phenotypic, environmental, and genetic variances for the same trait in different environments 

(Calus, 2006). Breeding programs are more concerned about the re-ranking of genotypes because 

it can result in highly ranked individuals having severely reduced performance under different 

environmental conditions (Hammami et al., 2015; Wakchaure et al., 2016). Generally, a genetic 

correlation between two trait measurements that is less than 0.80 is an indicator of a strong GxE, 

which may result in a re-ranking of genotypes between environments (Hayes et al., 2016). 

However, environments must be considerably different from each other to cause rank order 

changes, whereas changes in the genetic variance and heritability across environments are more 

common (Bowman, 1971, Calus, 2006). The magnitude of a GxE is dependent on the type of 



 

30 

environmental descriptor and the genotypes included as well as the statistical procedure that was 

used to estimate the interaction. Generally, GxE is the largest when comparing the performance of 

very distinct genotypes such as Bos indicus and Bos taurus or when comparing extremely different 

environments such as tropical and temperate climates (Hayes et al., 2016). 

There is some indication that thermal environment variation can result in a GxE effect on 

production traits between and within countries (Zwald et al., 2003). A few studies have reported 

variance heterogeneity between low and high values of THI in Holsteins populations. However, 

there is less support for the re-ranking of genotypes due to heat stress (Ravagnolo and Misztal, 

2000; Hayes et al., 2003). For instance, Brügemann et al. (2011) found that genetic correlations 

among protein yield values across a THI in Germany were generally more than 0.90 using a 

random regression model. This indicates the absence of a strong GxE on protein yield that would 

cause substantial re-ranking of sires in this German Holstein population. However, heritabilities 

and additive genetic variances for test-day protein yield were slightly lower at high THI ranges. 

Therefore, a GxE is present and the genetic improvement of protein yield may still be hindered by 

heat stress (Brügemann et al., 2011). Bohmanova et al. (2008) found that heat stress explained 

only a small proportion of regional variation in milk yield in the United States. Therefore, they 

concluded that the changes in EBV between cold and hot regions in the United States is likely due 

to another factor than heat stress (Bohmanova et al., 2008). 

In Australia, a GxE was observed between low and high THI levels. They found a genetic 

correlation of approximately 0.90 between milk, protein, and fat yield measurements in low and 

high THI values. The genetic correlation was lower for fat yield and protein yield than it was for 

milk yield (Hayes et al., 2003). Bryant et al. (2007) found there was little evidence for the re- 

ranking of sires based on protein, fat, or milk yield for several different cattle breeds within New 
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Zealand. On the contrary, Carabaño et al. (2014) found evidence for the existence of a large GxE 

for fat yield, protein yield, and SCS (rg < 0.80) and a smaller GxE for milk yield (rg > 0.80) 

between hot and cold environments in a Spanish Holstein population. They also found that GxE 

was larger for animal populations with higher genetic potential and that genetic correlations were 

lowest around lactation peaks (Carabaño et al., 2014). Hammami et al. (2015) estimated the genetic 

correlations between cold and hot environments for different milk production traits in a Belgium 

Holstein population. They also found that SCS and fat yield as well as some fatty acid traits, were 

highly affected by GxE (rg ≈ 0.67). Milk yield and other production traits had a relatively high 

genetic correlation. Therefore, studies on the effect of genotype by thermal environment 

interactions on production traits have reported limited evidence for the re-ranking of genotypes 

within countries, but heterogeneity in genetic variances across thermal environments is common.  

A GxE complicates breeding programs by reducing selection responses, decreasing the 

accuracy of breeding values, and impeding the efficiency and economic gain of breeding programs 

(Calus, 2006; Hayes et al., 2016). For instance, if there is a GxE effect on a phenotype and a 

breeder wants to improve this phenotype in environment A then it should be evaluated within 

environment A. However, if this phenotype was selected for in environment B based on the same 

evaluations, there would only be a correlated selection response. The magnitude of a correlated 

response is generally less than a direct response (Falconer, 1990). Therefore, the genetic 

improvement of a trait in an environment that is different from the selection environment can be 

impeded by a GxE effect. If a GxE effect is present, breeding programs should account for the 

interaction by ensuring that the selection environment is similar to the environment where progeny 

will be raised, implement environment-specific breeding programs, or consider breeding different 
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lines of animals selected specifically for a certain environment. However, deciding which method 

to implement depends on the magnitude of the GxE (Calus, 2006; Hayes et al., 2016). 

Alternatively, one could select for decreased environmental sensitivity and increased 

robustness across different environments using a reaction norm (RN) model. RN are used to 

quantify phenotypic plasticity by showing trait variations across changes in an environmental 

parameter (Hammami et al., 2009). If a GxE effect is present, genotypes express a different RN 

for the same trait. A RN for a production trait has a y-intercept representing an individual’s 

production ability and a slope, which illustrates the environmental sensitivity of its productivity 

(Rauw and Gomez-Raya, 2015). A highly plastic genotype has higher environmental sensitivity 

and will express more phenotypic variation, whereas a more robust genotype is not as 

environmental sensitive and would have a more stable constant slope (Hayes et al., 2016). 

Ultimately, by studying the intercept and slope of these RN, individuals with less sensitive milk 

production to high heat loads could also be identified and selected for breeding purposes 

(Hammami et al., 2015). 

Falconer (1990) also discussed synergistic and antagonistic selection in relation to 

environmental sensitivity. Antagonistic selection refers to selection upwards for a trait in a bad 

environment or downwards in a good environment and synergistic selection is the reverse. 

Typically, synergistic selection increases environmental sensitivity and antagonistic selection 

decreases it. Synergistic selection is characteristic of an intensive livestock production system, 

since breeders select for higher production in a favorable environment (Falconer, 1990). 

Consequently, livestock have a limited number of environments where they can maintain high 

milk production and producers compensate for this high environmental sensitivity by controlling 

environmental perturbations through management and housing conditions. These strategies 
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include confinement, high-quality and consistent feeding, cooling devices, and time-demanding 

labor (Misztal and Lovendahl, 2012). Currently, the continuous selection for production requires 

the continuous improvement of an animal’s environment. This is essential for livestock to maintain 

homeostasis as they may not perform well in environments that fail to improve. Antagonistic 

selection could help increase the ability of dairy cattle to maintain homeostasis in a wider range of 

environments (Misztal and Lovendahl, 2012). 

There are other factors to consider when studying a GxE. For instance, it may be 

challenging to select for increased robustness, as it may favor animals with lower production when 

in a more favorable environment (Misztal and Lovendahl, 2012). Furthermore, improving 

environmental sensitivity of livestock is only important if low quality environments are prevalent. 

Selecting for high production at the price of high environmental sensitivity may be an 

advantageous trade-off if the risk of environment deterioration is relatively low or the environment 

can be tightly controlled (Rauw and Gomez-Raya, 2015). However, it may not be ethically right 

to breed animals that are fully dependent on a highly controlled environment. Finally, 

environmental flexibility should also be considered. Environmental flexibility refers to an animal’s 

ability to respond adaptively to environmental changes by modifying their physiology and 

behavior. Phenotypic plasticity at the whole organism level is essential for environmental 

flexibility and adaptation. Low environmental flexibility results in low survival, impaired fertility, 

high levels of culling, and loss of economic resources (Misztal, 2017). Furthermore, maintaining 

homeostasis is a dynamic process that requires changes in some functions to stabilize others (Rauw 

and Gomez-Raya, 2015). It may also be important to consider the impact of reducing plasticity in 

milk production traits on other physiological processes. 
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In conclusion, evidence for a GxE on productivity between hot and low heat loads exists 

for some Holstein populations. This GxE causes variance heterogeneity and some heterogeneity 

of heritabilities among different heat loads. There may be a larger GxE effect on protein yield, fat 

yield, and SCS than for milk yield (Hayes et al., 2016; Carabaño et al., 2014). However, there is 

less evidence for the re-ranking of genotypes within countries due to heat stress. Although, 

investigating re-ranking within a large sample of animals instead of a small group of sires is not 

as relevant to actual breeding programs. This is because producers tend to only use a small number 

of sires for breeding purposes. It is important to examine the re-ranking among the top selection 

candidates between different environments to comprehend the true impact of a GxE. 

2.4.5 Phenotypic and Genetic Analyses of Heat Tolerance 

A variety of performance criteria such as milk yield, fat corrected milk yield, protein and 

fat percentage and yield, dry matter intake (DMI), mortality, conception rate, non-return rate (NR), 

and SCS have been used to study heat stress in dairy cattle. These traits are commonly studied in 

relation to an environmental indicator, such as THI to quantify the impact of heat stress on dairy 

cattle. There is evidence for existing variation in the sensitivity of dairy cattle productivity to heat 

stress (Ravagnolo and Misztal, 2000; Bohmanova et al., 2005; Carabaño et al., 2014). Several 

studies have also estimated the genetic parameters of production traits while accounting for heat 

stress. 

The most used approach for studying heat tolerance in dairy cattle is implementing a RN 

model. This model commonly assumes a universal thermal threshold at which production traits 

subsequently decline linearly as heat load increases (Macciotta et al., 2017). A few of the different 

heat stress thresholds that have been found for dairy cattle are presented in Table 2.3. If the 

intensity and duration or, in other words, the magnitude of a heat event exceeds the thermal 
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threshold of a dairy cow, she is unable to cope with heat stress and is negatively affected (Hahn et 

al., 2009). Armstrong (1994) published a set of heat stress thresholds that were regularly 

implemented as a guideline in early heat stress studies. Cargill and Stewart (1966) reported another 

set of thresholds that marked the onset of the decline in milk production by one standard deviation 

from the normal level of milk production. However, these thresholds most likely underestimate 

the severity of heat stress in modern dairy cattle. Berman (2005) suggested that the threshold 

estimated by Armstrong (1994) lacks supporting evidence since the method for this designation 

was not widely published.  

Furthermore, the 72 THI thermal threshold is based on dairy cattle that were low producers 

relative to the production capacities of modern cattle (Collier et al., 2009; Zimbelmann et al., 

2009). Cows in the mid-1900s were only producing approximately 15 kg of milk per day, whereas 

cows today can produce over 30 kg of milk per day on average with some individuals producing 

50 kg per day at peak lactation. Therefore, these cattle would have a higher metabolic heat 

production associated with their higher milk yield making them more sensitive to heat stress 

(Collier et al., 2009). This subsequently reduces the thermal threshold at which dairy cattle can 

maintain euthermia. Accordingly, Zimbelmann et al. (2009) determined a new minimum THI 

threshold of 68 for cows that are producing more than 35 kg per day. 

Researchers have also estimated thermal thresholds using different performance criteria 

other than milk yield. For instance, Vitali et al. (2009) estimated the THI threshold at which the 

mortality risk starts to increase in dairy cattle due to heat stress and the threshold at which risk of 

death is maximized. They found that mortality remained almost constant with an increasing THI 

until the maximum THI reached 80, when mortality increased rapidly. This may represent the 

upper limits of homeothermy at which dairy cattle cannot maintain a steady body temperature 
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through heat exchange processes. The thermal thresholds for when fertility is impaired and DMI 

begins to decline have also been estimated (Ingraham et al., 1974; Ravagnolo and Misztal, 2002; 

Holter et al., 1996). The pattern of response of SCS seems to be less consistent with no clear 

thermal threshold (Carabaño et al., 2016). Ravagnolo et al. (2000) found that protein production 

appeared to be constant until the thermal threshold, but fat production had no clear threshold and 

seemed to decline more slowly as THI increased. While Carabaño et al. (2016) found that fat yield 

and percentage may be more sensitive to heat stress, as these traits had lower thermal thresholds 

than protein production. 

Factors that affect the estimation of thermal thresholds and the subsequent production 

decays could be divided into two categories. These categories are individual and herd factors, and 

estimation methods. Some herd and individual factors that affect the estimates of thermal 

thresholds are milk production capacity, lactation stage, age, body size, breed, parity, diurnal 

physiological changes, hours of exposure, pre-exposure to heat stress, housing systems, 

management and nutrition, time interval between heat events, daily circadian fluctuations, cooling 

management interventions, and climate (West, 2003; Kadzere et al., 2002; Berman et al., 2016). 

Thermal thresholds and production decays also depend on the methods that were used for their 

estimation. For instance, thresholds differ depending on the type of heat stress index used, weather 

parameters included such as minimum, maximum, or average temperature and humidity 

measurements, use of hourly or daily measurements, averaging thermal load over multiple days, 

and type of production records. Some of these factors are reviewed further in the following 

paragraphs. 

The largest negative impact of a high heat load on milk production and DMI is delayed and 

the maximum effects are not observed until a few days after high thermal loads. Spiers et al. (2004) 
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estimated that the effects of heat stress are maximized after four days for milk yield and between 

two and four days for DMI. Alternatively, West (2003) reported that the mean THI from two days 

prior to milk production measurements had the highest correlation with declines in milk yield and 

feed intake. This two-day lag effect had a larger effect on milk yield and DMI than the one- or 

three- day lag effect. It is important to distinguish the appropriate time interval to determine the 

maximum effect of heat stress and avoid underestimating thermal thresholds. Furthermore, cattle 

also have diurnal heat production and heart rate changes throughout the day (Purwanto et al., 

1990). The changes in body temperature and ambient temperature are out of phase with each other 

since fluctuations in body temperature lag behind ambient temperature changes. This means that 

changes in thermal balance reflect the natural daily circadian fluctuations from hours before 

(Berman et al., 2016). 

It is also important to establish which parameters, either minimum, maximum, or average 

of daily or hourly weather variables best estimate thermal thresholds in dairy cattle. Ravagnolo et 

al. (2000) found that different combinations of parameters had various correlations with production 

traits. They determined that the combination of maximum daily air temperature and minimum 

daily RH in the THI equation was able to best quantify heat stress (Ravagnolo et al., 2000). 

However, Carabaño et al. (2016) found that the average daily value of THI improved the statistical 

quality of their models compared to using the maximum values of environmental parameters. 

While the combined effect of minimum temperature and minimum RH may be more correlated to 

reductions in feed intake (Holter et al., 1996). In comparison, Brügemann et al. (2012) also found 

that the residual components of their model were lower when daily average environmental 

variables were used in the THI calculation over daily maximum temperatures and minimal 

humidity. 
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Natural daily circadian fluctuations should also be analyzed since the ambient temperature 

and relative humidity of an environment are not constant throughout the day, but rather rise and 

fall during a 24-hour period. Therefore, studies that expose animals to constant heat stress with no 

circadian fluctuations do not adequately calculate their thermal threshold (Zimbelmann et al., 

2009). Dairy breeds also differ in their response and sensitivity to heat stress, which would 

influence their thermal threshold. Gantner et al. (2017) found that Simmentals had a higher thermal 

threshold than Holsteins for daily milk yield, which would mean Simmentals are less sensitive to 

heat stress. Jersey cows may also be more heat tolerant than Holstein cows. Smith et al. (2013) 

showed that Holstein milk yield declined once THI was above 72, but Jersey milk yield was not 

affected until the THI reached 79. 

Thermal thresholds may also vary due to the use of a cooling management system, type of 

housing system, and regional climate. Lambertz et al. (2014) compared the effects of heat stress 

on production traits in four different housing systems. They found that no housing system was 

superior and that the thermal threshold did not differ between cattle with and without access to 

grazing pastures. Whereas Brügemann et al. (2012) found different thermal thresholds for indoor 

systems, pasture-based systems, and dairy farms located on the coast of Germany. Freita et al. 

(2006) also found that milk yield declined with increasing THI more in small herds than in larger 

herds. They speculated this was because larger herds are more likely to have cooling devices that 

reduce the thermal load in the environment. Regions can be characterized as dry or humid. Air 

temperature is the limiting factor in terms of heat stress in dry regions and humidity is the limiting 

factor in humid locations. Therefore, thermal thresholds may be underestimated in some regions 

if the limiting factor is not fully accounted for in the THI equation (Saizi et al., 2019). Overall, 

thermal thresholds and production decays are not fixed and vary among individuals, herds, and 
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populations. Furthermore, it is difficult to compare thresholds and production decays between 

studies because of the use of different estimation methods. 

A repeatability test-day model with the inclusion of a RN is commonly used to estimate 

the genetic parameters of production traits while accounting for the effects of heat stress. However, 

more sophisticated analyses than RN models have been used to estimate the genetic components 

of heat tolerance as well. For instance, a test-day random regression model with linear splines 

implemented by Aguilar et al. (2009), a principal component analysis implemented by Macciotta 

et al. (2017), a hierarchical model implemented by Sánchez et al. (2009), and fitted Legendre 

polynomials in random regression models implemented by Brügemann et al. (2011) and Carabaño 

et al. (2016) have all been used to estimate the genetic parameters of production traits while 

accounting for high heat loads. 

There is significant evidence that there is a low to moderate negative relationship between 

production traits and heat tolerance. Ravagnolo and Misztal (2000) found a moderate genetic 

correlation between general production and heat tolerance ranging between -0.23 to -0.35 for milk, 

fat, and protein yield. While Bernabucci et al. (2014) found that genetic correlations between 

generic and heat tolerance additive effects ranged from -0.24 to -0.56 for four production traits. 

Nguyen et al. (2016) also found a negative correlation between the heat tolerance GEBV and 

production traits, which ranged between -0.85 to -0.24 for Holsteins and -0.88 to -0.13 for Jerseys. 

However, the heat tolerance GEBV was favorably correlated with fertility breeding values, ranging 

from 0.29 to 0.39 in Holsteins and 0.15 to 0.27 in Jerseys. This antagonistic relationship between 

productivity and heat tolerance is most likely due to the high production potential of Holsteins 

(Ravagnolo and Misztal, 2000). Holsteins have a highly active metabolism that is associated with 

their production potential. This produces a considerable amount of body heat increasing their 
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susceptibility to heat stress. Therefore, selection for production traits without consideration for 

heat stress in the past has decreased the ability of dairy cattle to cope with heat stress. Future 

breeding programs should consider including heat tolerance into their selection indices to prevent 

any further deterioration in this trait. 

Heritability estimates for heat tolerance based on production traits range between 0.07 to 

0.23 (Ravagnolo and Misztal, 2000; Aguilar et al., 2009; Bernabucci et al., 2014). Heritability is 

the amount of phenotypic variation of a trait that is attributed to additive genetic variance. This 

represents the observable variation within the trait that is due to additive genetic effects (Howard 

and Ensminger, 2006). Therefore, there is a low to moderate amount of phenotypic variation of 

heat tolerance that is attributed to additive genetic variance. Aguilar et al. (2009) found that the 

genetic additive variance for heat tolerance increased from first to second parity for production 

traits, indicating that multiparous cows may be more sensitive to heat stress. 

Heat tolerance is a complex quantitative trait since several processes are involved with the 

regulation of body temperature and the physiological response to hyperthermia (Dikmen et al., 

2014). Several QTL influence complex traits like thermotolerance, with any one locus capturing 

only a small proportion of its total genetic variance (Hayes et al., 2009). A relatively low-cost 

genotype assay can attain information on DNA markers, usually single nucleotide polymorphisms, 

associated with these QTL (Hayes and Goddard, 2010). GEBVs can then be calculated by 

summing the effects of all the genetic markers across the genome, capturing more of the variation 

contributing to the trait (Hayes et al., 2009). 

The use of GEBVs for heat tolerance has been implemented for Holsteins and Jerseys in 

Australia (Garner et al., 2016; Nguyen et al., 2016). The QTL effects, inferred from genetic 

markers, were first estimated in a reference population. Their heat tolerance genomic predictions 
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had an accuracy of 0.44 to 0.61 for Jerseys and 0.39 to 0.57 in Holsteins using milk production 

data and weather station information. These accuracies were moderate, but could be improved with 

a larger reference population or by using a one-step genomic best linear unbiased prediction. 

Garner et al. (2016) validated the GEBV for heat tolerance using a controlled climate chamber to 

simulate a 4-day heat challenge for 12 predicted heat tolerant cows and 12 predicted heat intolerant 

cows. They found that the cows that were predicted to be heat tolerant were less affected by a 

simulated heat wave. They had smaller reductions in milk production and DMI as well as smaller 

increases in body temperature when compared to the cows that were predicted to be more 

susceptible to heat stress. Therefore, the GEBV for heat tolerance was able to accurately predict 

the ability of cattle to cope with heat stress in Australia (Hayes et al., 2009; Garner et al., 2016; 

Nguyen et al., 2016). This approach to breeding for improved heat tolerance offers certain 

advantages over the traditional genetic selection approach. For instance, it would increase the 

accuracy of selection for thermotolerance and decrease the generation interval. Overall, this would 

accelerate the genetic gain for improved heat tolerance (Hayes et al., 2009; García-Ruiz et al., 

2016). 

Lastly, there have been two notable national genetic evaluations developed for heat 

tolerance. Bohmanova et al. (2005) developed a national genetic evaluation for heat stress in dairy 

cattle located in the United States, although it seems like it was never implemented into routine 

genetic evaluations. They found that the most heat tolerant sires transmitted higher fat and protein 

contents, longer productive life, higher pregnancy rates, and better body and udder composites, 

but lower milk yields than less heat tolerant sires. A genomic breeding value for heat tolerance 

was also implemented in Australia (Nguyen et al., 2017). The Australian genomic breeding value 

for heat tolerance included the components for milk, fat, and protein decay per unit increase in 
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THI, which were weighted with the respective economic values. The mean reliability for this 

breeding value for validation sires was 38% for both Holsteins and Jerseys. This suggests a 

multitrait economic index that includes a breeding value for heat tolerance as well as breeding 

values for other traits could diminish the negative effects of heat stress, while positively 

contributing to farm profitability (Nguyen et al., 2017). 

Overall, there has been a substantial amount of research on the genetic selection of heat 

tolerance in dairy cattle. This research mostly focuses on the production traits, such as milk, fat, 

and protein yield. However, there has been some investigation into the heat tolerance of fertility 

traits. We can conclude that there is an antagonistic relationship between heat tolerance and 

production traits resulting in cows with higher heat tolerance potentially having lower overall 

production; Later parity cows seems to be more sensitive to heat stress than primiparous cows; 

Heat tolerance is low to moderately heritable; and Genomic breeding values included into a 

multitrait selection index will likely be the best option for improving heat tolerance while 

maintaining high productivity. 

2.5 KNOWLEDGE GAPS AND CHALLENGES 

There is an abundant amount of literature studying heat stress and heat tolerance in dairy 

cattle. However, there are also several knowledge gaps and challenges in this field of study. For 

instance, there are several limitations to using the presented heat stress indices. Firstly, the 

inconsistent use of indices reduces the ability of researchers to compare threshold values. 

Furthermore, most of these indices were developed to estimate human comfort and the correlations 

with physiological parameters in dairy cattle are not easily located in literature or do not exist. The 

origins of some of the heat stress indices, including THI, have also not been well documented. 

There is also evidence that there is individual variation in terms of the thresholds for the onset of 
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heat stress in dairy cattle (Sánchez et al., 2009). This is problematic because most genetic 

evaluations for a trait while accounting for heat stress assume a universal threshold and quantify 

thermotolerance based on the decline in the trait after the threshold. Fortunately, the subsequent 

slopes of decay and individual thresholds seem to be positively correlated to each other (Sánchez 

et al., 2009). Therefore, breeding for a smaller decline after the threshold would simultaneously 

increase the threshold for the onset of heat stress. However, a model with both selection criteria is 

still preferable which is challenging since the estimation of individual thresholds is more 

computationally demanding (Sánchez et al., 2009). Alternatively, a test-day random regression 

model based on polynomials would not require determining a static average threshold level to 

define heat tolerance (Brügemann et al., 2011). 

Hahn et al. (2009) also reasoned that heat stress indices that are based on mathematical 

models fail to account for all the physical and biological interactions that occur during heat stress. 

There are many internal and external environmental factors that affect the occurrence and severity 

of heat stress. These include, but are not limited to; heat stress management, barn stocking density, 

nutrition, and previous exposure to heat stress. This variation in management and environmental 

factors could result in the miscalculation of thermal thresholds for dairy cattle. Furthermore, most 

models do not fully account for the effects of prolonged periods of heat stress. Heat waves can 

have a large negative effect on dairy cattle due to the high heat intensity of the event and the lack 

of nighttime cooling (Igono et al., 1992). Additionally, test-day records capture only a fraction of 

the impact of heat stress on productivity and do not account for the cumulative effect of heat stress 

between test-days (Bohmanova et al., 2008). 

Weather station datasets can also have several limitations such as sensor and human error, 

expensive routine maintenance, instrumental calibration drift, biased measurements due to station 
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siting, and inconsistencies between stations due to different collection methods, recording, and 

instruments (Hubbard et al., 2001; Mahmood et al., 2006; Stackhouse et al., 2018). This can lead 

to inaccurate or inconsistent data collection and temporal data gaps in weather station datasets. 

Furthermore, accurate weather datasets may not be available for every remotely located herd due 

to the sparsity of ground station networks in rural areas. Additionally, it is unknown how close a 

weather station should be to a dairy herd to be an accurate representation of its thermal 

environment. Therefore, the inclusion and management of weather data from ground stations is a 

common challenge for heat tolerance studies on dairy cattle.  

Genetic markers that are associated with heat tolerance and the physiological functions 

involved in thermoregulation have been identified. However, more research is needed to further 

our understanding of the genetic architecture underlying heat tolerance to develop an accurate 

GEBV. The use of “-omic” technology such as transcriptomics, proteomics, and metabolomics 

could help explain the determining factors of heat tolerant and intolerant individuals. Overall, the 

integration of genetic markers and other biomarkers could help map out heat stress response 

networks and develop a panel of markers that could be used in the selection of heat tolerant dairy 

cattle (Carabaño et al., 2017). Furthermore, the main challenges for developing a GEBV for heat 

tolerance are the assembly of a large reference population, defining a heat tolerance phenotype, 

developing a model that incorporates genomic information on heat tolerance, and managing 

inbreeding (Hayes and Goddard, 2010; Nguyen et al., 2016). It is difficult to maintain genetic 

diversity because of the relationships between genetically superior dams and sires. Genomic 

selection reduces the generation interval increasing the likelihood of accelerating the rate of 

inbreeding (Schefers and Weigel, 2012). 
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Finally, an animal’s response to heat stress is complex and subject to unpredictable 

variation. The heat stress response involves numerous biological systems and countless internal 

and external factors. Therefore, it is important to try to determine the complete impact of heat 

stress on the sustainability of dairy farms, as it will not be fully captured by solely analyzing 

productivity. Furthermore, the total economic impact for improving heat tolerance would need to 

be determined before incorporating a heat tolerance trait into a multi-trait selection index (Nguyen 

et al., 2016). There is also limited information about the effects of a GxE on fertility, health, and 

functional traits in dairy cattle (Calus, 2006). It is important to study the full extent of GxE effects 

on these traits as well, especially since GxE effects appear to be larger for traits that are more 

closely related to fitness (Hayes et al., 2016). Overall, heat tolerance and heat stress as well as the 

associated impacts on dairy cattle have been widely discussed in the literature. However, further 

investigation of heat stress in Canadian dairy cattle is needed to fully appreciate the complete 

impact on the Canadian dairy industry and to properly evaluate possible mitigation strategies. 
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2.6 TABLES 

Table 2.1. A number of different environmental indices that have been used to quantify heat stress in livestock (WBGT = Wet-bulb 
Globe Temperature, WD = Oxford Index, WV = Weighted Index Value, DI = Discomfort Index, BGHI = Black-globe Humidity Index, 
ETI = Equivalent Temperature Index, HLI = Heat Load Index , HI = Heat Index, RRP = Respiratory Rate Predicator, ESI = 
Environmental Stress Index, and ITSC = Index of Thermal Stress for Cows). 

Index Equation Reference 

WBGT 0.7(Twb) + 0.1(Tdb) + 0.2(Tbg)  
0.7(Twb) + 0.3(Tdb) (for indoor) 

Epstein and Moran, 2006 

WD 0.15(Tdb) + 0.85(Twb) Epstein and Moran, 2006 

WV 0.35(Tdb) + 0.65(Twb)  Bianca, 1961 

DI 0.4(Tdb + Twb) + 15  Thom, 1959 

BGHI Tbg + 0.36(Tdp) + 41.5 Buffington et al., 1981 

ETI 27.88 – 0.456(Tdb) + 0.010754(TA
2) – 0.4905(RH%) + 0.00088(RH%2) + 1.1507(WS) – 

0.12644(WS2) + 0.019876(Tdb)(RH%) – 0.046313(Tdb)(RH%) 
Baeta et al., 1987 

HLI Tbg = 1.33(Tdb) – 2.65(√𝑇 ) + 3.21[log10(SR + 1)] + 3.5 
HLI (Tbg > 25) = 8.62 + 0.38(RH%) + 1.55(Tbg) – 0.5(WS) + e2.4 – WS 
HLI (Tbg < 25) = 10.66 + 0.28(RH%) + 1.3(Tbg) – WS  

Gaughan et al., 2008 

HI Tdb – 1.0799e0.03755(Tdb) x [1 – e0.0801(Tdp - 14)] Schoen et al., 2005 

RRP 5.1(Tdb) + 0.58(RH%) – 1.7(WS) + 0.039(SR) – 105.7 Eigenberg et al., 2005 

ESI 0.63(Tdb) – 0.03(RH%) + 0.002(SR) + 0.0054(Tdb)(RH%) – 0.073(0.1 +SR)-1 Moran et al., 2001 

ITSC 77.1747 + 4.8327(TA) – 34.8189(WS) + 1.111(WS2) + 118.6981(Pv) – 14.7956(Pv
2) – 

0.1059(ERHL) 
Da Silva et al., 2015 

RH% = Relative Humidity (%), RH = RH%/100, WS = Wind Speed (ms-1); SR = Solar Radiation (Wm-2), TA = Air Temperature; Pv = 
Partial Vapour Pressure (kPa), ERHL = Effective Radiant Heat Load (Wm-2), Tbg = Predicted black-globe temperature, Tdb = Dry-bulb 
temperature, Tdp = Dewpoint temperature, and Twb = Wet-bulb temperature   
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Table 2.2. Several different versions and adjustments of the temperature-humidity index (THI) equation that have been used in heat 
stress studies in dairy cattle (THIadj = Adjusted THI and THIs = Sensible Heat THI). 

Index Equation Reference 

THI1 0.55(Tdb) + 0.2(Tdp) +17.5 Hahn and McQuigg, 1970 

THI2 Tdb + 0.36(Tdp) + 41.2  Armstrong, 1994  

THI3 0.72(Tdb + Twb) + 40.6  NRC, 2001 

THI4 Tdb – (0.55 – 0.0055(RH%)) x (Tdb – 58)  NRC, 2001 

THI5 (1.8(Tdb) + 32) – [0.55 – 0.0055(RH%)] x [1.8(Tdb) - 26]  Bohmanova et al., 2005 

THI6 (1.8(Tdb) + 32) – (0.55 – 0.55(RH)) x [1.8(Tdb) + 32 – 58]  Bernabucci et al., 2014 

THI7 Tdb – (0.55 x (1-RH%/100)) x (Tdb – 14.4) Freitas et al., 2006  

THI8 
THI9  

0.8(Tdb) + [RH%/100 x (Tdb – 14.4)] + 46.4 
0.8(Tbg) + [RH%/100 x (Tbg – 14.4)] + 46.4 

Mader et al., 2006 
Mader et al., 2006 

THI10 Tdb – [0.55 – (0.55(RH%/100)) x (Tdb - 58)] Zimbelmann et al., 2009 

∆THI  THI6 – 11.06 + 0.25(Tdb) + 0.02(RH%) (1) 
 THI6 – 17.6 + 0.36(Tdb) + 0.04(RH%) (2) 
 THI6 – 11.7 + 0.16(Tdb) + 0.18(RH%) (3) 

St-Pierre et al., 2003 

THIadj 4.51 + THI8 – 1.992(WS) + 0.0068(SR) Mader et al., 2006 

THIs 3.43 + 1.058(Tdb) – 0.293(RH%) + 0.0164(Tdb)(RH%) +35.7 Berman et al., 2016 

RH% = Relative Humidity (%), RH = RH%/100, WS = Wind Speed (ms-1), Tbg = Predicted black-globe temperature, Tdb = Dry-bulb 
temperature, Tdp = Dewpoint temperature, and Twb = Wet-bulb temperature  
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Table 2.3. Several different thermal thresholds defining the onset heat stress in dairy cattle using different performance criteria and heat 
stress indices. 

# Threshold Indicates Location Index Parameters Reference 

1 >78°F Milk Yield Declines NF DI NF Berry et al., 1964 

2 >76 Milk Yield Declines Missouri, USA THI1 NF Cargill and Stewart, 1966 

4 ≥70 WS=0.5 
≥74 WS=6  

Milk Yield Declines at 
specific WS 

NF ETI NF Baeta et al., 1987 

5 64 
72 
76 

Milk Yield Declines Arizona, USA  THI10 Minimum Tdb/RH 
Mean Tdb/RH 
Maximum Tdb/RH 

Igono et al., 1992 

6 >70 Conception Rate 
Declines 

Culiacan, Mexico THI10 Average Tdb/RH Ingraham et al., 1974 

7 ≥72 
73-79 
80-89  
90-98 

Mild Heat Stress 
Moderate Heat Stress 
Severe Heat Stress 
Mortality  

NF NF NF Armstrong, 1994 

8 56-57 
71-73 

DMI Declines  Georgia, USA THI6 Minimum Tdb/RH 
Maximum Tdb/RH 

Holter et al., 1996 

9 ≥72 Declines in Milk, Fat, 
and Protein Yields 

Georgia, USA THI6 Daily Maximum Tdb 

Daily Minimum RH  
Ravagnolo et al., 2000 

10 66-70 NR Declines Florida, USA THI6 Daily Maximum Tdb 

Daily Minimum RH 
Ravagnolo and Misztal, 
2002 

11 68 Milk Yield and DMI 
Decline 

Mediterranean  THI6 Average Tdb/RH Bouraoui et al., 2004 

12 ≥68   Milk Yield Declines Arizona, USA THI10 Average Tdb/RH Zimbelmann et al., 2009  
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13 ≥65  Milk Yield Declines  Arizona, USA THI10 Minimum Tdb/RH Zimbelmann et al., 2009  

14 >70 
77 

Mortality Rate Increases  
Risk of Death 
Maximized 

Po Valley, Italy  THI6 Minimum Tdb/RH Vitali et al., 2009 

15 >80 
87 

Mortality Rate Increases 
Risk of Death 
Maximized  

Po Valley, Italy  THI6 Maximum Tdb/RH Vitali et al., 2009 

16 67 (Coast Region) 
73 (Pasture) 
74 (Indoor) 

Milk Yield Decline  Lower Saxony, 
Germany 

THI5 Maximum Tdb/RH Brügemann et al., 2012 

17 ≥65 
≥60 

SCS Increases 
Production Traits 
Decline 

Lower Saxony, 
Germany 

THI5 Average Tdb/RH Lambertz et al., 2014 

18 74 
61 
66 

Milk Yield Decline 
Fat Yield Decline 
Protein Yield Decline  

Spain THI4 Daily Maximum Tdb 

Daily Minimum RH 
Carabaño et al., 2014 

19 ~69, 73, NF, 72 
~75, 74, 72, 83 

Milk Yield Decline Belgium, Spain, 
Luxembourg, 
Slovenia 

THI5 Average Tdb/RH 
Maximum Tdb/RH 

Carabaño et al., 2016 

20 68-72 (Holsteins) 
77 (Simmentals) 

Milk Yield Decline  Croatia THI7 Average Tdb/RH Gantner et al., 2017 

21 68-70 
68-70 
65-67 

Milk/Protein Yields 
Decline SCS Increases 
Fat Yield Decline 

Italy  THI8 Daily Maximum Tdb 

Daily Minimum RH 
Macciotta et al., 2017  

DMI = Dry Matter Intake, ETI = Equivalent Temperature Index, THI = Temperature-Humidity Index, DI = Discomfort Index, NR = 
Non-Return Rate, Tdb = Dry-bulb Temperature, RH = Relative Humidity, WS = Wind Speed, SCS = Somatic Cell Score, and NF = Not 
Found 
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2.7 FIGURES 

 

Figure 2.1. Typical mammalian physiological response to an increasing environmental heat load. 
1) Body temperature, 2) Evaporative heat loss, 3) Metabolic rate, and 4) Sensible heat loss (UCT 
= Upper Critical Temperature, LCT = Lower Critical Temperature, TNZ = Thermoneutral zone) 
(Adapted from Collier and Collier, 2012). 
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CHAPTER 3: PHENOTYPIC ANALYSIS 

Determining the Effects of Heat Stress on Holstein Dairy Cattle using Test- 

Day Production Records and NASA POWER Weather Data 

Paige Rockett1, I. Campos1, C. Baes1, D. Tulpan1, F. Miglior1, and F. Schenkel1 
1Centre for Genetic Improvement of Livestock, Department of Animal Biosciences, University 
of Guelph, Guelph, ON, N1G 2W1, Canada 

3.1 ABSTRACT 

Weather station data and test-day production records can be combined to quantify the 

impact of heat stress on production traits. However, meteorological datasets that are retrieved from 

ground-based weather stations can have several limitations. The Prediction of Worldwide Energy 

Resources (POWER) database run by the National Aeronautics and Space Administration (NASA) 

provides meteorological data over regions where surface measurements are sparse or non-existent. 

The first aim of this study was to determine if NASA POWER data is a viable alternative resource 

of weather data for studying heat stress in Canadian dairy cattle. The results showed that average 

dewpoint temperature, average ambient temperature, minimum ambient temperature, maximum 

ambient temperature, and four different types of temperature-humidity index (THI) values from 

NASA POWER were highly correlated to the corresponding values from weather stations (R2 > 

0.95). However, the NASA POWER values for the daily average, minimum, and maximum wind 

speed as well as the daily average relative humidity were poorly correlated to the corresponding 

weather station values (R2 ≈ 0.37). Due to the high correlation, the THI values used in the 

phenotypic analyses were calculated from NASA POWER estimates instead of weather station 

observations. The second aim of this study was to quantify the impact of heat stress on Canadian 
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dairy cattle. This was achieved by determining the THI values at which milk, protein, and fat yield 

started to decline due to heat stress as well as the rates of decline in these traits after their respective 

thresholds. This was completed for both primiparous and multiparous cows from five regions in 

Canada (Ontario, Quebec, British Columbia, the Prairies, and the Atlantic Maritime). The results 

showed that the productivity of Holsteins in Canada was negatively affected by heat stress and that 

the pattern of response for milk, fat, and protein yield to an increasing THI differed from each 

other. The results also showed that THI thresholds and production decays greatly differed between 

regions. 

Keywords: heat stress, weather station data, NASA POWER, temperature-humidity index, heat 

stress thresholds 

3.2 INTRODUCTION 

Homeotherms require effective thermoregulatory mechanisms to maintain a stable body 

temperature and, subsequently, preserve normal physiological form and function (Kadzere et al., 

2002). However, most animals can only adequately retain this state within a small range of 

environmental parameters. This range is defined by their thermal tolerance limits (Miller and 

Stillman, 2012). Heat stress occurs when an animal is not able to cope with environmental heat 

loads outside their tolerance limits (Das et al., 2016). In dairy cattle herds, this can have several 

negative health, economic, and welfare implications (Kadzere et al., 2002). Furthermore, dairy 

cattle are extremely prone to heat stress because of their high metabolic heat production that is 

associated with their rumen fermentation and high milk production (Collier and Gebremedhin, 

2015). Improvements in animal nutrition and biotechnology as well as genetic selection for 

improved productivity, have also increased the amount of milk produced per cow. Since an 

increase in milk production is positively correlated to an increase in metabolic heat production and 
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feed intake, this has most likely affected the thermoregulatory profile of dairy cattle and reduced 

how well they can cope with heat stress (Kadzere et al., 2002). 

Furthermore, if anthropogenic activities continue at the current rate, it is likely that the 

global mean surface temperature (GMST) will increase by another 0.5 ºC by 2040, for a total of 

1.5 ºC above pre-industrial levels (Allen et al., 2018). If greenhouse gases emissions increase at a 

greater rate than current emissions, then it is likely that GMST could increase to at least 2ºC above 

pre-industrial temperatures (Reis-Filho, 2014). It is also important to note that these changes in 

GMST will not be uniform across the globe (Hoegh-Guldberg et al., 2018). Surface warming in 

North America and Europe will likely be amplified resulting in a significantly higher average 

temperature than the global mean temperature. The mean ambient temperature may be as high as 

2.0ºC for North America above pre-industrial temperatures by 2050 if the current rate of 

greenhouse emissions continues (Romero-Lankao et al., 2014). There is also evidence that the 

number of warm days and nights have increased and that the length and frequency of warm spells 

over 20% of land, which included Canada, has significantly increased from 1951 to 2003 

(Alexander et al., 2006). These changes to the global climate and the thermoregulatory capability 

of dairy cattle are some of the reasons why heat stress in dairy cattle should be investigated even 

in temperate regions such as Canada. 

In order to better understand the thermal tolerance limits of dairy cattle, numerous studies 

have combined weather station data and test-day production records to define the temperature-

humidity index (THI) thresholds at which production and fertility traits begin to decline 

(Buffington et al., 1981; Ravagnolo et al., 2000; Ravagnolo and Misztal, 2002). However, a 

common challenge for these studies is the lack of consistent and reliable weather data. This is 

because weather stations can have numerous temporal data gaps and a low spatial resolution. For 
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instance, a large proportion of dairy herds are located too far from a weather station for the data to 

accurately represent the farms’ thermal environment. Weather station databases can also have 

yearly and daily data gaps due to instrumental failure and non-automatic equipment (White et al., 

2008; Stackhouse et al., 2018). A possible alternative weather data resource is the National 

Aeronautics and Space Administration Prediction of Worldwide Energy Resources (NASA 

POWER). NASA POWER provides solar and meteorological datasets for any location from 1981 

to near-real time. This meteorological data is based upon assimilation models that optimize the use 

of observational data from multiple sources such as remotely sensed information from satellites 

(Stackhouse et al., 2018). 

The overall aim of this study was to determine if NASA POWER data is a viable alternative 

resource of weather data for dairy cattle heat tolerance studies as well as to quantify the impact of 

heat stress on Canadian dairy cattle. Therefore, the two specific objectives for this study were to: 

1) compare weather parameters and THI values collected from weather stations to NASA POWER 

estimates, and 2) estimate the THI thresholds and the subsequent production decays due to heat 

stress in primiparous and multiparous dairy cattle for five regions in Canada. 

3.3 MATERIAL AND METHODS 

3.3.1 Weather Data Resource Comparison 

The Environment and Climate Change Canada (ECCC) weather station database 

(www.ec.gc.ca) was used to retrieve weather data collected between 2009 to 2019 from 1,272 

weather stations located across Canada. The weather data included the hourly average, minimum, 

and maximum relative humidity (RH) in %, dewpoint temperature (DP) in °C, wind speed (WS) 

in km/hr, and ambient temperature (AT) in °C. These hourly variables were then converted into 

daily averages, minima, and maxima. Stations that reported less than 85% of the possible 
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observations for each year, month, or day were removed from the analysis. Stations were also 

required to have at least two observations within each daily time interval for at least 85% of the 

days in the year. These daily time intervals were defined as 12 am to 6 am, 6 am to 12 pm, 12 pm 

to 6 pm, and 6 pm to 12 am. Since, the NASA POWER data is averaged over 0.5- degree latitude 

by 0.5-degree longitude geographical grids, the weather stations were grouped into grid subsets 

and the station closest to the centroid of the grid box was selected for the analysis. In total, 211 

weather stations were used in this comparison study. The locations of these weather stations are 

shown in Figure 3.1. The daily averages for RH in %, DP in °C, WS in m/s, and AT in °C as well 

as the minimum and maximum AT and WS were also downloaded from NASA POWER for each 

weather station location based on their geographical coordinates (https://power.larc.nasa.gov/). 

Four different types of THI values were then calculated using daily weather parameters. 

The two equations that were used to calculate these THI values were: 

𝑇𝐻𝐼1 =  (1.8 𝑥 (𝐴𝑇) +  32)– [0.55 –  0.0055 𝑥 (𝑅𝐻)] 𝑥 (1.8 𝑥 (𝐴𝑇) –  26)  

𝑇𝐻𝐼2 =  𝐴𝑇 +  (0.36 𝑥 𝐷𝑃) +  41.2  

These THI equations are both commonly used in dairy cattle heat stress studies (Buffington 

et al., 1981; Ravagnolo and Misztal, 2002). The four different types of THI values were the average 

THI using the first equation (avgTHI1), the average THI using the second equation (avgTHI2), the 

maximum THI using the first equation (maxTHI1), and the maximum THI using the second 

equation (maxTHI2). Each of these THI values were calculated twice for each weather station 

location, once using the weather station data and a second time using the NASA POWER data. 

For both the weather station and NASA POWER estimates, avgTHI1 and avgTHI2 were calculated 

using daily average AT and daily average RH or daily average DP. The weather station estimates 

for maxTHI1 and maxTHI2 were calculated using the daily maximum AT and daily minimum RH 
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or daily minimum DP. However, NASA POWER does not report daily minimum RH or DP. 

Therefore, the NASA POWER estimates for maxTHI1 and maxTHI2 were calculated using the 

daily maximum AT and daily average RH or daily average DP. Linear regression was then used 

to compare the daily NASA POWER parameters to the corresponding variables from the selected 

211 weather stations. The parameters that were compared were the four THI values, average AT, 

average RH, average WS, average DP, and minimum and maximum AT and WS. 

3.3.2 Phenotypic Analyses of Heat Stress 

The initial dataset for this analysis had 21.7 million test-day records of milk yield (kg), fat 

yield (g), and protein yield (g) measured between 2010 and 2019 from 1.2 million animals in 

approximately 8,500 herds located across Canada. This production data was provided by the 

Canadian Dairy Network (CDN, a member of Lactanet Canada) and was grouped into five regional 

subsets. The regions were classified as: Ontario, Quebec, British Columbia, Prairies, and Atlantic 

Maritime. The Prairies region included the provinces Saskatchewan, Manitoba, and Alberta. While 

the Atlantic Maritime region included the provinces Newfoundland and Labrador, Nova Scotia, 

Prince Edward Island, and New Brunswick. Every herd was required to have known geographical 

coordinates and records from at least five different animals per year for at least five years. While 

each record was required to be from parity one, two, or three, collected between 5 and 305 days in 

milk (DIM), and have no missing trait measurements. Finally, animals were required to have at 

least five test-day records for each parity and were removed from the analysis if they had records 

from multiple herds. The addresses for each dairy herd were converted to latitude and longitude 

coordinates using Google Maps Geocoding (https://developers.google.com/maps). The number of 

records, animals, and herds as well as the averages and standard deviations for milk, fat, and 

protein yields are listed in Table 3.1. 



 

57 

The production records were then adjusted for individual cow genetic variation and known 

environmental variation. This was achieved by fitting a linear model to the data using the ASReml 

software (Gilmour et al., 2015). The equation for this linear model was: 

𝑦 =  µ +  𝐴𝐷 +  𝑀 + 𝐻𝑌 +  𝑐 +  𝑒  

Where, yijklm is the mth test-day record, of either milk, fat, or protein yield, of the lth cow, µ 

is the overall mean, ADi  is the fixed effect of the ith combination of age at calving and DIM, Mj is 

the fixed effect of milking frequency (j = 1 to 3 classes), HYk is the fixed effect of the kth 

combination of the herd and year, cl  is the random cow additive genetic effect, and eijklm is the 

residual error term. For age at calving, there were eight classes (<24, 25, 26, 27, 28, 29, 30, >31 

months), six classes (<36, 37, 38, 39-40, 41-42, >43 months), and five classes (<50, 51-52, 53-54, 

55, >56 months) defined for the first, second, and third parity, respectively. There were 11 classes 

defined for DIM (5 to 29, 61 to 90, 91 to 120, 121 to 150, 151 to 180, 181 to 210, 241 to 270, 271 

to 300, 301 to 305 days). The resultant residual term captures the variation in the production 

records that is not explained by the effects in the model but is caused by unknown factors such as 

THI. In other words, the residuals are the phenotypic records that have been adjusted for known 

fixed and random effects and will now be referred to as the adjusted phenotypes.  

The daily average for RH (%) and AT (°C) for each test-day record from 2010 to 2019 was 

retrieved from NASA POWER based on each herd’s latitude and longitude. A THI value was 

calculated for the test-day and the two days prior to each production record. The three THI values 

were then averaged into a single value and assigned to a variable called THI2d. This value was used 

to account for the possible delayed effect of heat stress caused by the thermal environment of the 

days prior to the test-day. The equation that was used to calculate THI was: 

𝑇𝐻𝐼 =  (1.8 𝑥 (𝐴𝑇) +  32)– [0.55 –  0.0055 𝑥 (𝑅𝐻)] 𝑥 (1.8 𝑥 (𝐴𝑇) –  26) 
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The adjusted phenotypes were averaged across herds within each THI unit starting at THI 

30 for each region. The production averages were then plotted against THI to visually determine 

the average shape of the relationship between each production trait and an increasing 

environmental heat load. The threshold at which the production traits began to increase or decrease 

at a different rate were initially estimated by visually assessing each graph. In total, three 

breakpoints were found for milk yield, one for fat yield, and two for protein yield. These estimated 

breakpoints were then used to define several segmented polynomial regression models, which were 

fitted to each dataset. As an example, a simple segmented polynomial model with two linear 

functions and one breakpoint could be described as in (Toms and Lesperance, 2003): 

𝑦 =
  𝛽 +  𝛽 𝑥 +  𝑒                                    𝑓𝑜𝑟 𝑥 ≤  𝑥  

 𝛽 +  𝛽 𝑥 + 𝛽 (𝑥 −  𝑥 ) +  𝑒          𝑓𝑜𝑟 𝑥 >  𝑥
  

Where, yi the average adjusted production yield for the ith THI2d value, xi is the ith THI2d 

value, βo is the intercept, 𝑥  is the THI2d value that was selected as the estimated threshold, and  β1 

and β2 are the regression coefficients that describe the slope of the linear functions with β2 being 

the difference between the two slopes. The thresholds for each trait were adjusted systematically 

and the resulting change in the R2 value was monitored. The segmented polynomial model with 

the highest R2 value was considered the best fit for that dataset.  

3.4 RESULTS AND DISCUSSION 

3.4.1 Weather Data Resource Comparison 

Most studies on heat tolerance in dairy cattle require accurate and comprehensive AT and 

RH datasets collected over numerous years for multiple rural locations. Typically, this 

meteorological data is retrieved from a network of ground weather stations. Stations that are 

maintained properly can provide accurate measurements of ground conditions, but they can also 

have several limitations. These include sensor and human error, expensive routine maintenance, 
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temporal and spatial data gaps, instrumental calibration drift, biased measurements due to the 

station location, and inconsistencies between stations due to different collection methods, 

recording, and instruments (Hubbard et al., 2001; Mahmood et al., 2006; Stackhouse et al., 2018). 

An automatic weather station (AWS) collects and transmits weather observations without 

the need of volunteers. Relative to volunteer operated or manned stations, AWS improves the 

reliability of surface observations by increasing the number of stations in areas that are difficult to 

access, providing data outside normal working hours, increasing homogeneity between stations, 

reducing human error, and lowering operational costs (WMO, 2008). It is well known that it is 

more difficult for manned weather stations to maintain routine record keeping. They can also have 

significant site-to-site variability due to the use of human observers (Holder et al., 2006). This can 

lead to inaccurate or inconsistent data collection and dataset gaps. White et al. (2008) also found 

that there was a high portion of missing data reported by manned weather stations in the United 

States due to their diminished ability to report values on weekends and holidays. Additionally, it 

may not be possible for manned weather stations to collect weather data throughout the whole day 

potentially skewing daily values calculated from hourly observations. 

Furthermore, manned weather stations generally only collect a small subset of 

meteorological variables. It may not be possible to collect variables such as humidity and solar 

radiation at every station since these parameters are more technically demanding to measure 

(Colston et al., 2018). Wu et al. (2005) showed significant discrepancies in daily observations 

between two weather stations that were located 10 km apart. They speculated this may have been 

due to observation and sensor error, variation between the time of data collection, and differing 

microclimates. Since there can be significant inconsistencies between different stations, caution 

should be taken when combining datasets, especially between AWS and manned stations. Holder 
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et al. (2006) recommended adjusting for differences in data observation time, location, and sensor 

characteristics. The ECCC has a network of 585 fully automated stations, 465 volunteer climate 

stations, 304 aviation monitoring stations, and 381 other stations. The latter two groups are a mix 

of both AWS and manned stations (Mekis et al., 2018). Overall, this study found that several 

weather stations from the Canadian network had yearly and daily data gaps. This network may 

also be limited due to the combined use of automatic and manned weather stations. 

The absence of weather stations in rural areas is another common challenge when studying 

heat stress in dairy cattle. Stations are typically located near large population centers and airports 

(Colston et al., 2018). Therefore, accurate weather datasets may not be available for every remotely 

located herd. Furthermore, it is unknown how close a weather station should be to a dairy herd to 

be an accurate representation of its thermal environment. In some studies, the distance between 

weather stations and dairy herds varies greatly. For example, in a study by Aguilar et al. (2009) 

the mean distance between a weather station and a dairy herd was 61 km. However, the distances 

ranged from a maximum of 137 km to a minimum of 3 km. Furthermore, the maximal acceptable 

distance between a weather station and a dairy herd could vary depending on the type of terrain. 

Misztal et al. (2006) concluded that data from weather stations located far from a dairy herd could 

be as informative as on-farm measurements if the surrounding terrain is flat. Overall, most weather 

station networks will likely have spatial data gaps, consequently diminishing the number of herds 

that could be used in a study. Furthermore, more research should be conducted to determine the 

maximum distance between a weather station and a dairy herd that is acceptable while accounting 

for different terrains. 

A possible alternative to weather station data is NASA POWER, which provides long-term 

estimates of meteorological variables for any location in the world. The Modern Era Retrospective-
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Analysis for Research and Applications (MERRA-2) assimilation model provides meteorological 

data from 1981 to within several months of real time for the NASA POWER database (Stackhouse 

et al., 2018). MERRA-2 model assimilates and optimizes observational data to estimate 

atmospheric variables. The observational data is collected from several sources such as remotely 

sensed information from satellites, ocean, and land surface measurements, rawinsondes, aircraft 

and ship reports, and space-borne radar systems. The meteorological parameters reported by 

NASA POWER are obtained directly from MERRA-2 or calculated using MERRA-2 products. 

The meteorological data is averaged over a geographical grid with a spatial resolution of 0.5° 

latitude by 0.5° longitude (Stackhouse et al., 2018). In Canada, 0.5° latitude or longitude 

approximately equals 50 km. NASA POWER could provide meteorological data over regions 

where surface measurements are sparse and replace weather station datasets with substantial data 

gaps. However, the accuracy of NASA POWER meteorological estimates in Canada should first 

be assessed. The results from the weather data resource comparison analysis is shown in Table 3.2. 

Overall, there were several weather parameter values from NASA POWER that were 

highly correlated to the corresponding values collected from weather stations (R2 > 0.95). These 

parameters included daily average DT, average AT, minimum AT, and maximum AT. However, 

the NASA POWER values for daily average, minimum, and maximum WS as well as daily average 

RH, were poorly correlated to the corresponding weather station values (R2 ≈ 0.37). Other studies 

examining the accuracy of NASA POWER data found similar results (White et al., 2008; 

Stackhouse et al., 2018; Aboelkhair et al., 2019). White et al. (2008) determined that NASA 

POWER temperature data showed good agreement with manned weather stations in the United 

States. They found that daily maximum AT and minimum AT between the two weather data 

resources were well correlated and reported a R2 value of 0.88 for both variables. NASA POWER 
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also conducted their own world-wide validation study by comparing surface station observations 

with the corresponding MERRA-2 estimates for every 3rd year between 1981 to 2014. The R2 

values from comparing average AT, minimum AT, maximum AT, RH, DP, and average WS were 

0.96, 0.93, 0.95, 0.61, 0.95, and 0.55, respectively (Stackhouse et al., 2018). 

Similarly, Aboelkair et al. (2019) found that NASA POWER estimates of RH did not have 

a high correlation with the weather station observations in Egypt (R2 = 0.38). They found that 

weather stations located on the coast had a lower R2 value than stations located more inland. White 

et al. (2008) also discussed adjusting for seasonal and regional variation. They speculated that 

proximity to water may bias NASA POWER temperature estimates. The estimates for grid cells 

that were located near an ocean or large lake had higher minimum AT values and lower maximum 

AT values. They also found that November to March temperatures had a greater error than other 

months. This may be a result of the greater variability in temperature during the winter months 

compared to the summer temperatures (White et al., 2008). Monteiro et al. (2018) also found that 

WS and RH estimation by NASA POWER requires further improvement. 

Nevertheless, the four types of THI values calculated from NASA POWER data were 

highly correlated to the corresponding weather station values (R2 > 0.95). However, the NASA 

POWER estimates for THI were slightly inflated compared to the weather station estimates. 

Furthermore, the estimates for THI1 from NASA POWER were more inflated than the THI2 

estimates and the maximum THI estimates were more inflated than the average THI estimates. 

However, THI values for the phenotypic analyses were still calculated using NASA POWER data 

instead of weather station observations. This eliminated the restrictions imposed by weather 

stations and increased the number of herds that could be used in the analyses. 
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3.4.2 Phenotypic Analyses of Heat Stress 

Heat transfer between an animal and its environment is complex. Mammals must use 

numerous physiological mechanisms to balance heat exchange and maintain homeostasis. 

Furthermore, the natural environment is constantly changing, which makes it difficult to 

summarize the external heat load that is being imposed on an animal (Collier and Collier, 2012). 

The main factors that define a dairy cow’s thermal environment are AT, humidity, WS, and solar 

radiation (Bianca, 1961). In short, a high AT interferes with the dissipation of body heat through 

convection and radiation, whereas high humidity interferes with evaporative heat loss by 

diminishing a cow’s capacity for sweating and panting. Wind can also critically increase heat loss 

by increasing evaporative cooling through convection, while solar radiation can impose a 

substantial heat load on dairy cattle that are in pasture (Bianca, 1961). THI is a heat stress index 

that is used to illustrate environmental heat load fluctuations. It is commonly studied alongside 

changes in production and fertility traits to measure the impact of heat stress on livestock. This 

index was originally developed to measure the combined effect of AT and RH at low WS on human 

comfort (Thom, 1959). Although THI has its limitations, it is advantageous over implementing 

biological heat stress indicators of heat stress such as body temperature and respiration rate which 

can be expensive and difficult to measure in a large population. 

It is evident from the results of these analyses that the productivity of Holsteins in all three 

parities from all five regions was negatively affected by an increasing THI. The optimal thermal 

environment for maintaining homeostasis with the least amount of effort is rare especially, for 

domesticated animals confined to areas that are different from their natural habitats (Collier and 

Collier, 2012). Therefore, it is not surprising that dairy cattle across Canada commonly raised in 

intensive housing systems experience heat stress. The relationships between THI and the 
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production traits for each region and parity are shown in Figures 3.2, 3.3, and 3.4. It is evident 

from these figures that each trait has a different pattern of response to an increasing THI. Three 

THI thresholds were identified for milk production. For fat yield, one threshold was found, while 

two thresholds were identified for protein yield. For milk yield, the first threshold indicated a 

greater rate of increase in milk yield per unit THI, whereas the other two milk thresholds and the 

thresholds for fat and protein yield indicated a greater rate of decrease in the production traits per 

unit THI. 

A major factor that leads to a decline in milk production associated with heat stress is a 

decrease in feed intake. A decrease in feed intake causes subsequent changes in insulin action, 

glucose metabolism, adipose tissue mobilization, and skeletal muscle metabolism which causes a 

negative energy balance. However, it is likely that decreased feed consumption is only responsible 

for about 35 to 50% of the decline in productivity associated with heat stress. Other major factors 

include changes in nutrient partitioning due to heat stress that occur independently to the amount 

of feed consumed (Sammad et al., 2020). There is less known about the mechanisms that are 

involved in the decline in fat and protein yield due to heat stress (Becker et al., 2020). It is likely 

that a direct effect of heat stress, instead of a reduction in feed intake, is more related to the 

observed decrease in protein yield. For instance, the increased use of systemic amino acids during 

heat stress may limit the supply of amino acid to the mammary gland system for milk protein 

synthesis. Also, reduced blood flow to the mammary gland reduces the supply of protein 

precursors as well as nutrient partitioning altering milk protein synthesis (Becker et al., 2020).  

Carabaño et al. (2016) also found that the thresholds for milk components were lower than 

for total milk yield. Ouellet et al. (2019) suggested that this higher sensitivity is related to the 

Canadian genetic selection program which focuses on improving fat and protein yield since 
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payment to dairy producers is based on milk component yields. This superior performance of fat 

and protein yield may confer with a higher heat stress sensitivity. Secondly, it is important to 

provide adequate water supplies for dairy cattle due to their high milk production. A major 

physiological reaction to heat stress is increased water intake to compensate for the water lost 

through milk, sweat, evaporation and defecation (Becker et al., 2020). It is possible that providing 

adequate amounts of water during heat stress helps maintain their milk production for a longer 

period of time (Ouellet et al., 2019).  

The THI thresholds and average rates of change per unit THI for each trait are shown in 

Table 3.3, 3.4, and 3.5. The first, second, and third thresholds for milk yield ranged between 40 

and 45, 53 and 66, 65 and 73 THI units, respectively. The region with the lowest milk thresholds 

was British Columbia. This may indicate that dairy cattle from British Columbia may be more 

sensitive to heat stress than cows from other regions. The region with highest milk thresholds were 

Quebec and Ontario. The average impact on milk yield per THI unit above the second milk 

threshold ranged between -0.03 and -0.10 kg/d, whereas the average impact per THI unit above 

the third milk threshold ranged between -0.07 and -0.45 kg/d. All regions had similar declines in 

milk yield after the second threshold. However, the Atlantic Maritime region had a greater decline 

in milk yield after the third threshold relative to the other regions. British Columbia and the Prairies 

had a similar moderate decline in milk yield after the third threshold, whereas Ontario and Quebec 

had a smaller decline in milk yield after the third threshold compared to the other regions. 

The THI thresholds for fat yield ranged between 40 and 49 THI units. All regions had a 

THI threshold for fat yield that was either 48 or 49 THI units, except for British Columbia. The 

average impact on fat yield per THI unit above the respective fat threshold was similar between 

regions and ranged between -1.33 to -3.69 g/d. However, heat stress caused a greater impact on fat 
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yield per unit THI in dairy cattle from the Atlantic Maritime region. For protein yield, the first 

threshold ranged between 54 and 57 THI units, whereas the second threshold ranged between 65 

and 70 THI units. Although, all regions had similar first thresholds for protein yield, British 

Columbia had a much lower second threshold. The average impact on protein yield per THI unit 

above the first protein threshold ranged between -0.99 and -3.13 g/d, whereas it ranged between -

2.14 and -11.98 g/d per THI unit above the second protein threshold. Similarly, to fat and milk 

yield, the Atlantic Maritime region had a greater rate of decline in protein yield per THI unit above 

the second threshold than the other regions, especially for second and third parity cows. In most 

regions, the estimated rates of decline per THI unit in these production traits were greater in parity 

two and three than in parity one, which may indicate that multiparous cows are more sensitive to 

heat stress. Aguilar et al. (2009) and Bernabucci et al. (2014) also both concluded that later parity 

cows may be more susceptible to heat stress. This is likely due to their greater milk production 

potential.  

THI thresholds and the subsequent rates of decline in production traits also differed 

between regions. The reasons for this can only be speculated about in this study. However, regional 

variation in climate, housing and cooling systems, and nutritional management may have caused 

these differences. For instance, there are several cooling strategies such as fans and sprinklers that 

diminish the impact of heat stress in dairy cattle. Researchers have attempted to evaluate various 

cooling systems and found that not all systems have the same efficiency (West, 2003). 

Furthermore, the thermal load on a dairy cow is affected by the type of housing system, stock 

density, ventilation, housing materials, and shading (Kadzere et al., 2002). Therefore, regional 

differences in the extent and type of cooling systems and housing structure could have resulted in 

different thermal strains at the same THI. Nutritional management may also cause variation in 
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thermal strain. For example, high water availability is essential for animals to cope well with heat 

stress. Dairy cattle in some regions may be more susceptible to heat stress if water resources are 

scarcer (West, 2003). Overall, it would be extremely beneficial to know more about which housing 

systems, cooling abatement strategies, and type of nutritional management are used for each herd 

to explain the differences in THI breakpoints between regions. 

Nevertheless, examining the climate of these five regions may help explain some of these 

differences. The average summer RH, AT, and THI from 2010 to 2019 for each region are shown 

in Figure 3.5. Dairy herds in Canada are also found in seven distinct ecozones, which are mapped 

in Figure 3.6. An ecozone is a classification used to define a region by abiotic and biotic ecological 

factors including climate (Lands Directorate, 1986). The average winter and summer temperature 

ranges as well as the average annual rainfall for each ecozone are listed in Table 3.6.  

British Columbia is composed of two ecozones, the Montane Cordillera and the Pacific 

Maritime. The Pacific Maritime has one of the warmest and wettest climates in Canada, while the 

Montane Cordillera ecozone is typically defined as having long cold winters and short warm 

summers (Lands Directorate, 1986). The region classified as the Prairies in the above analysis is 

also composed of two different ecozones. These two ecozones are the Boreal Plains and the 

Prairies. These ecozones can have a sub-humid to semi-arid climate due to the Rocky Mountains 

blocking moisture bearing winds from West Canada. The Prairies region is also known for having 

high winds with an average annual wind speed of 18 to 21 km/hour. This increases evaporation 

and contributes to the dryness of the region. Whereas, the Atlantic Maritime ecozone is typically 

characterized as having a cool, moist, and moderate climate. The majority of dairy herds in Ontario 

and Quebec are found within two ecozones. These ecozones are the Mixedwood Plains and the 

Boreal Shield. The climate of the Boreal Shield ecozone can vary greatly but is usually described 
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as having long cold winters and short warm summers. Herds in the Mixedwood Plains region 

experience cool winters and warm summers (Lands Directorate, 1986). Mixedwood Plains has the 

highest number of dairy herds in Canada with 5114 out of the 8613 herds with known addresses 

being located within this ecozone.  

The average number of days per year with a THI that negatively impacts milk, fat, or 

protein yield between 2010 and 2019 are shown in Figures 3.7, 3.8, and 3.9. Overall, the average 

number of days per year with a detrimental THI varied depending on the trait as well as within and 

between regions. For milk yield, the average number of days per year with a THI between the 

second and third breakpoint ranged between 0 and 110 days with most areas averaging at 50 to 70 

days. However, a small area in the south-west corner of British Columbia had significantly more 

days with a THI between these two breakpoints. The average number of days per year above the 

third milk yield breakpoint ranged between 0 and 100 days. The average number of days above 

this breakpoint generally decreased with increasing latitude. The southern Prairies and southern 

Ontario had an approximate average of 75 days per year above their third milk breakpoint, which 

was greater relative to the other regions. 

For fat yield, the average number of days per year with a THI above the fat breakpoint 

ranged from 100 to 260 days. Southern Ontario and south-west British Columbia had more days 

per year above this breakpoint relative to the other regions. For protein yield, the average number 

of days per year with a THI between the first and second breakpoint ranged between 0 and 140 

days with most regions approximately averaging at 80 days. However, most areas in the Prairies 

and south-west British Columbia had an average of 100 days per year or higher. The average 

number of days per year with a THI above the second protein breakpoint ranged between 0 and 

100 days. British Columba, northern Prairies, Quebec, and the Atlantic Maritime approximately 



 

69 

averaged between 30 to 60 days, whereas the southern Prairies and most of Ontario had relatively 

more days per year above this breakpoint. 

Overall, dairy cattle in Canada may experience different thermal stressors associated with 

the same THI due to regional climatic variation. For instance, dairy herds in British Columbia 

experience moderate humidity at low ambient temperatures. Although these herds may experience 

less extreme THI than herds in the other regions, they have more days in a year with a moderate 

temperature. This is supported by the fact that weather within the Pacific Maritime ecozone does 

not vary a lot throughout the year. The effects of heat stress can be amplified if heat events are 

prolonged for multiple days (Hahn et al., 2009). Therefore, dairy cattle that are exposed to 

moderate THI values for a longer period may not be able to cope as well, resulting in lower THI 

thresholds. Furthermore, Brügemann et al. (2012) also found that thresholds for milk yield were 

lower in coastal regions. Similarly, to British Columbia these regions had the lowest percentage 

of production records at an extreme THI. The milk THI thresholds that they found for herds in a 

coastal region, pasture, and indoor environment were 67, 73, and 74, respectively. 

The Atlantic Maritime had a higher summer average RH than other regions. As mentioned 

above, dairy cattle in this region had a greater rate of decline in their production traits compared 

to other regions. This could have been due to their diminished ability to lose heat through sweating 

and panting, especially at high THI values. On the contrary, the Prairies region typically has a drier 

climate with a low RH, high AT, and high WS. It is possible that dairy herds in this region are 

more likely to suffer from dehydration due to the low rainfall and high temperatures in the summer. 

Lastly, Ontario and Quebec had very similar THI thresholds for all traits. This may be because 

most herds in these provinces are found within the same ecozone and experience a similar climate. 

Overall, the THI threshold at which an animal is no longer able to cope with heat stress may be 
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determined by different environmental factors for each region resulting in variation in THI 

breakpoints. 

It is difficult to compare thresholds between studies because there is no single method to 

calculate THI values. For example, some studies do not use average AT and RH to calculate THI 

values. Carabaño et al. (2016) found that average THI improved the statistical quality of their 

models compared to using the maximum values, whereas Ravagnolo et al. (2000) showed that 

different combinations of parameters had various correlations with production traits. They 

determined that the combination of maximum daily air temperature and minimum daily RH in THI 

was the best way to quantify heat stress (Ravagnolo et al., 2000). The thresholds found in these 

analyses were similar to some studies that use average AT and RH in the same THI equation. For 

example, Gantner et al. (2017) found that milk yield started to decline in Holsteins between 68 and 

72 in Croatia, whereas Carabaño et al. (2016) showed that THI thresholds ranged between 69 to 

73 for milk yield, 47 to 54 for fat yield, and 56 to 63 for protein yield for four different European 

countries. These countries were Belgium, Luxembourg, Slovenia, and Spain. Zimbelman et al. 

(2009) also found that milk yield started to decline at THI values greater than 68 in the United 

States. 

Nevertheless, there are several limitations to quantifying heat stress in dairy cattle using 

the above methods. For instance, this study does not fully account for the impact of prolonged heat 

stress or the lack of night-time cooling. These factors could have influenced the results since 

prolonged and intense heat events can amplify the negative effects of heat stress and night-time 

cooling is essential for dairy cattle to dissipate heat gained from the day (Holter et al., 1996). It is 

also difficult to interpret these results due to the lack of information available on housing and 

cooling systems as well as the nutritional management of the individual herds. Herds that have 
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implemented more extensive heat stress abatement strategies may skew THI thresholds and 

misrepresent the sensitivity of dairy cattle to heat stress. Lastly, there may be a better indicator of 

heat stress other than the THI equation used in this study. Bohmanova et al. (2007) found that 

indices with a large weight on humidity were better predictors for cattle in regions with high 

humidity and indices with a small weight on humidity were better for cattle in low humidity 

regions. Therefore, it may be beneficial to apply a different THI equation to regions that have a 

higher average humidity such as the Atlantic Maritime. 

3.5 CONCLUSIONS 

This study showed that weather station data used to calculate THI in dairy cattle heat stress 

studies could potentially be replaced with NASA POWER estimates of weather parameters. This 

would eliminate the limitations imposed by using weather datasets from sparse and inconsistent 

ground-station networks or that have yearly and daily data gaps. However, the possible seasonal 

and regional variation in NASA POWER estimates should be further evaluated as well as the 

potential inclusion of solar radiation and wind speed estimates from NASA POWER into future 

heat stress evaluations. This study also identified and examined several THI thresholds and rate of 

declines per unit THI for three production traits in primiparous and multiparous dairy cattle from 

five regions in Canada. It was evident that milk, fat, and protein yields were negatively affected 

by heat stress in all regions of Canada. However, these traits did not have the same response to an 

increasing THI, and the impact of heat stress varied between regions. It was difficult to explain 

this regional variation due to the lack of information available on the management practices of 

each dairy herd. However, climatic variation may explain some of these regional differences in 

THI thresholds and production decays. Although there are some limitations to this study, it 

expands our current understanding of the impact of heat stress on Canadian Holsteins. 
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3.6 TABLES 

Table 3.1. The number of records, cows, and herds as well as the means and standard deviations 
for milk, fat, and protein yields for each parity by region (QU = Quebec, ON = Ontario, BC = 
British Columbia, AM = Atlantic Maritime, and P = Prairies). 

 Parity Records Cows Herds Milk (kg) Fat (g) Protein (g) 

 1 728241 118607 1274 29.0 ± 6.1 1132.8 ± 248.1 941.1 ± 185.7 
QU 2 561084 91864 1236 33.8 ± 8.4 1303.5 ± 318.0 1097.7 ± 236.3 

 3 370530 61078 1196 35.2 ± 8.9 1355.6 ± 342.2 1132.9 ± 249.1 
 1 721809 107824 767 30.5 ± 6.5 1172.3 ± 263.9 978.6 ± 194.1 

ON 2 515025 77858 747 35.5 ± 8.8 1349.6 ± 344.1 1137.5 ± 246.0 
 3 316534 48458 710 36.9 ± 9.3 1403.4 ± 366.2 1171.5 ± 256.7 
 1 567105 84052 312 31.9 ± 6.5 1209.3 ± 263.9 1026.7 ± 196.4 

BC 2 373677 56032 302 37.7 ± 9.1 1419.3 ± 351.1 1204.3 ± 250.7 
 3 219310 33283 284 38.6 ± 9.6 1462.0 ± 376.8 1223.3 ± 266.6 
 1 437929 66940 412 29.7 ± 6.5 1153.3 ± 281.1 951.1 ± 198.8 

AM 2 304074 46891 401 34.9 ± 8.8 1343.5 ± 357.4 1113.1 ± 251.6 
 3 200004 31173 389 36.2 ± 9.3 1387.0 ± 376.4 1138.6 ± 261.4 
 1 918736 152073 688 32.0 ± 6.6 1223.5 ± 277.4 1023.0 ± 198.2 

P 2 599492 99949 672 37.1 ± 9.0 1399.3 ± 362.1 1183.6 ± 252.2 
 3 356637 60016 651 38.6 ± 9.6 1450.4 ± 385.2 1214.4 ± 266.7 
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Table 3.2. Results from the linear regression analyses comparing NASA POWER weather 
parameter estimates and temperature-humidity index (THI) values to the corresponding weather 
station values. 

Parameter1 df Β R2 RMSE p-value 

Average Relative Humidity (%) 186622 0.788 0.370 10.63 < 0.001 
Average Wind Speed (km/hr) 187422 0.552 0.332 5.25 < 0.001 
Minimum Wind Speed (km/hr) 187422 0.549 0.327 3.71 < 0.001 
Maximum Wind Speed (km/hr) 187422 0.505 0.235 8.14 < 0.001 
Average Dewpoint Temperature (°C) 186795 1.020 0.970 2.05 < 0.001 
Average Ambient Temperature (°C) 187907 0.969 0.975 1.95 < 0.001 
Minimum Ambient Temperature (°C) 187907 0.955 0.950 2.74 < 0.001 
Maximum Ambient Temperature(°C) 187907 0.968 0.970 2.20 < 0.001 
Average THI12 186621 0.918 0.962 3.79 < 0.001 
Average THI22 186795 0.979 0.980 2.40 < 0.001 
Maximum THI134 187748 0.837 0.957 3.72 < 0.001 
Maximum THI235 187792 0.970 0.977 2.54 < 0.001 

1 Parameters: df = degree of freedom, B = slope of the liner regression of NASA POWER weather 
parameter estimates and temperature-humidity index (THI) values on the corresponding weather 
station values, R2 = Coefficient of determination, and RMSE = Root Mean Square Error 2 THI 
values calculated using daily average ambient temperature (°C) and daily average relative 
humidity (%) or average dewpoint temperature (°C) 
3 Average AT was substituted for daily maximum ambient temperature for both POWER and 
station THI value 
4 Average RH was substituted for daily minimum relative humidity for the station THI value 
5 Average DP was substituted for daily maximum dewpoint temperature for the station THI value 
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Table 3.3. The estimated rates of change (α) and standard errors (SE) for the average adjusted 
milk yields (kg) after three temperature-humidity index thresholds (T) for all three parities in the 
five regions (QU = Quebec, ON = Ontario, BC = British Columbia, AM = Atlantic Maritime, and 
P = Prairies). 

               Parity T1 α (± SE) T2 α (± SE) T3 α (± SE) R2 1 

 1 44 0.01 (0.01) 64 -0.03 (0.01) 73 -0.07 (0.03) 0.66 
QU 2 45 0.02 (0.01) 64 -0.06 (0.01) 73 -0.08 (0.03) 0.85 

 3 42 0.02 (0.01) 66 -0.07 (0.01) 72 -0.11 (0.04) 0.73 

 1 40 0.02 (0.01) 63 -0.04 (0.01) 73 -0.08 (0.03) 0.75 
ON 2 42 0.02 (0.01) 62 -0.06 (0.01) 73 -0.07 (0.03) 0.83 

 3 40 0.03 (0.01) 64 -0.07 (0.01) 73 -0.12 (0.04) 0.84 

 1 45 0.02 (0.01) 55 -0.04 (0.02) 65 -0.10 (0.05) 0.58 
BC 2 45 0.04 (0.01) 53 -0.08 (0.02) 66 -0.15 (0.07) 0.80 

 3 45 0.05 (0.01) 55 -0.10 (0.01) 66 -0.18 (0.06) 0.84 

 1 41 0.01 (0.01) 60 -0.03 (0.01) 69 -0.26 (0.05) 0.72 
AM 2 41 0.02 (0.01) 60 -0.05 (0.01) 69 -0.35 (0.06) 0.75 

 3 41 0.02 (0.01) 60 -0.06 (0.01) 69 -0.45 (0.06) 0.84 

 1 44 0.03 (0.01) 63 -0.04 (0.01) 70 -0.15 (0.03) 0.89 
P 2 44 0.04 (0.01) 61 -0.07 (0.01) 70 -0.10 (0.04) 0.91 

 3 45 0.03 (0.01) 62 -0.07 (0.01) 70 -0.16 (0.05) 0.88 

1 R2 = Coefficient of determination of the segmented polynomial regression of adjusted milk yield 
on THI. 
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Table 3.4. The estimated rates of change (α) and standard errors (SE) for the average adjusted fat 
yields (g) after one temperature-humidity index threshold for all three parities in the five regions. 

Region Parity Threshold α (± SE) R2 1 

1 48 -1.93 (0.14) 0.98 
Quebec 2 48 -2.29 (0.21) 0.97  

3 48 -2.16 (0.21) 0.97  
1 48 -2.30 (0.14) 0.98 

Ontario 2 48 -2.75 (0.21) 0.97  
3 49 -2.79 (0.21) 0.97  
1 40 -1.83 (0.34) 0.95 

British Columbia 2 40 -2.02 (0.39) 0.95  
3 41 -1.86 (0.32) 0.96  
1 49 -3.25 (0.26) 0.97 

Atlantic Maritime 2 49 -3.69 (0.24) 0.98  
3 49 -4.21 (0.27) 0.98  
1 48 -1.33 (0.19) 0.93 

Prairies 2 49 -1.89 (0.20) 0.95  
3 49 -2.07 (0.22) 0.94 

1 R2 = Coefficient of determination of the segmented polynomial regression of adjusted fat yield 
on THI 
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Table 3.5. The estimated rates of change (α) and standard errors (SE) for the average adjusted 
protein yields (g) after two temperature-humidity index thresholds (T) for all three parities in the 
five regions (BC = British Columbia and AM = Atlantic Maritime). 

 Parity T1 α (± SE) T2 α (± SE) R2 1 
 1 57 -1.14 (0.13) 70 -2.14 (0.38) 0.98 

Quebec 2 56 -1.48 (0.14) 70 -4.02 (0.40) 0.98 
 3 56 -1.59 (0.17) 70 -4.95 (0.61) 0.97 
 1 55 -1.42 (0.14) 70 -2.74 (0.41) 0.97 

Ontario 2 55 -1.92 (0.16) 70 -3.61 (0.47) 0.98 
 3 56 -1.94 (0.20) 70 -5.03 (0.58) 0.97 
 1 54 -0.99 (0.29) 65 -4.45 (1.43) 0.82 

BC 2 54 -1.99 (0.30) 65 -3.08 (1.46) 0.91 
 3 55 -2.42 (0.33) 65 -4.15 (1.55) 0.93 
 1 55 -1.96 (0.20) 68 -6.72 (1.13) 0.97 

AM 2 55 -2.50 (0.21) 68 -10.45 (1.18) 0.97 
 3 55 -3.13 (0.23) 68 -11.98 (1.26) 0.97 
 1 56 -1.04 (0.14) 70 -4.29 (0.81) 0.94 

Prairies 2 56 -1.72 (0.20) 70 -3.07 (1.18) 0.92 
 3 56 -1.93 (0.23) 70 -5.54 (1.38) 0.91 

1 R2 = Coefficient of determination of the segmented polynomial regression of adjusted protein 
yield on THI  
 
Table 3.6. The average mid-summer temperatures in °C, mid-winter temperatures in °C, and 
annual rainfall in mm for each ecozone as well as the number of dairy herds found in each of the 
ecozones (Lands Directorate, 1986). 

Ecozone Mean Summer 
Temperatures 

Mean Winter 
Temperatures 

Mean Annual 
Rainfall 

No. of 
Herds 

Montane Cordillera 13 to 18 -7.5 to -17.5 500 to 1200 85 
Pacific Maritime 12 to 18 4 to 6 600 to 3000 278 

Boreal Plains 12 to 17.5 -17.5 to -22.5 400 to 500 135 
Prairies 16 to 20 -9.5 to -18 250 to 700 683 

Boreal Shield 17 -15 400 to 1000 569 
Mixedwood Plains 18 to 22 -3 to -12 720 to 1000 5114 
Atlantic Maritime 18 -2.5 to -10 1000 to 1425 1749 
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3.7 FIGURES 

 

Figure 3.1. Locations of the weather stations (black dots) in Canada used for the comparison 
between weather station data and NASA POWER estimates. 
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Figure 3.2. Relationship between the temperature-humidity index (THI) and the average adjusted 
milk yields (kg) as well as the estimated THI thresholds (dotted lines) and fitted segmented 
polynomial functions (red line) (BC = British Columbia and AM = Atlantic Maritime). 
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Figure 3.3. Relationship between the temperature-humidity index (THI) and the average adjusted 
fat yields (g) as well as the estimated THI thresholds (dotted line) and fitted segmented polynomial 
functions (red line) (BC = British Columbia and AM = Atlantic Maritime). 
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Figure 3.4. Relationship between temperature-humidity index (THI) and the average adjusted 
protein yields (g) as well as the estimated THI thresholds (dotted lines) and fitted segmented 
polynomial functions (red line) (BC = British Columbia and AM = Atlantic Maritime). 
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Figure 3.5. The average (solid line) and maximum (dotted line) ambient temperature, relative 
humidity, and temperature-humidity index (THI) for each region for the June to August months 
(Quebec = Red, Ontario = Blue, British Columbia = Pink, Atlantic Maritime = Orange, and Prairies 
= Purple). 
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Figure 3.6. The several ecozones of Canada where Holstein herds (black dots) can be found. The 
ecozones included in this map are the Pacific Maritime (red), Montane Cordillera (pink), Boreal 
Plains (yellow), Prairies (light blue), Boreal Shield (purple), Mixedwood Plains (teal), and Atlantic 
Maritime (green). 
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Figure 3.7. The average number of days per year (2010 to 2019) that have a THI between the 
region’s respective first and second milk yield breakpoint (top) and the average number of days 
per year that have a THI above the second milk yield breakpoint (bottom). The breakpoints for 
each region were averaged across parities (THI Thresholds: QU = 64/73, ON = 63/73, BC = 55/65, 
AM = 60/69, and P = 63/70). 
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Figure 3.8. The average number of days per year (2010 to 2019) that have a THI above the region’s 
respective fat yield breakpoint. The breakpoint for each region was averaged across parities (THI 
Thresholds: QU = 48, ON = 48, BC = 40, AM = 49, and P = 48). 
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Figure 3.9. The average number of days per year (2010 to 2019) that have a THI between the 
region’s respective first and second protein yield breakpoint (top) and the average number of days 
per year that have a THI above the second protein yield breakpoint (bottom). The breakpoints for 
each region were averaged across parities (THI Thresholds: QU = 57/70, ON = 55/70, BC = 54/65, 
AM = 55/ 68, and P = 56/70). 
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CHAPTER 4: GENETIC EVALUATION 

Estimation of the Genetic Parameters of Heat Tolerance in Holsteins using 

Test-Day Production Records and NASA POWER Weather Data 

Paige Rockett1, I. Campos1, C. Baes1, D. Tulpan1, F. Miglior1, and F. Schenkel1 

1Centre for Genetic Improvement of Livestock, Department of Animal Biosciences, University 
of Guelph, Guelph, ON, N1G 2W1, Canada 

4.1 ABSTRACT 

The overall aim of this study was to investigate the possibility of improving heat tolerance 

in Canadian dairy cattle using genetic selection. The two specific objectives were: 1) to estimate 

the genetic parameters for milk, fat, and protein yield for Holsteins while accounting for high 

environmental heat loads, and 2) to determine if a genotype-by-environment interaction (GxE) 

causes the re-ranking of top-ranked sires between environments with low and high heat loads. A 

repeatability test-day model with a heat stress function was used to evaluate the genetic merit for 

milk, fat, and protein yield under heat stress and at thermal comfort for three parities in five regions 

in Canada. The heat stress function for each trait were defined using a specific temperature-

humidity index (THI) threshold. The purpose of this function was to quantify the level of heat 

stress that was experienced by the dairy cattle. The heat tolerance additive genetic variances varied 

across parities, regions, and traits. In general, milk yield had a higher heat tolerance additive 

genetic variance than fat and protein yield. The estimated genetic correlation between the heat 

tolerance and generic additive genetic effects at 15 units above the THI threshold for milk, fat, and 

protein yield ranged from -0.06 to -0.40, -0.16 to -0.59, and -0.04 to -0.42, respectively. These 

negative correlations imply that there is an antagonistic relationship between heat tolerance and 
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productivity. The heritabilities for milk, fat, and protein yield at 15 units above the THI threshold 

ranged between 0.10 to 0.29, 0.10 to 0.19, and 0.09 to 0.25, respectively. Finally, the correlations 

between the breeding values from a repeatability model with no heat stress effect and the breeding 

values accounting for heat stress for the 50 top-ranked bulls were moderate to high. Therefore, 

there may be a strong interaction between two of the production traits and THI resulting in 

substantial re-ranking of the top-ranked sires in Canada, especially for first and second parity. 

However, there is less evidence that there was a strong GxE effect on fat yield. 

Keywords: heat stress, temperature-humidity index, heat tolerance, reaction norm 

4.2 INTRODUCTION 

Management strategies such as the implementation of sprinklers and fans as well as 

modifying feed nutrition are effective tools at diminishing heat stress (Baumgard and Rhoads, 

2009; Nickerson, 2014). However, genetic selection provides certain advantages over management 

interventions. For instance, an animal with a high tolerance to heat stress may have inherited a 

greater capacity to grow, thrive, or maintain fitness despite being exposed to an unfavorable 

environmental factor, and therefore would rely less on expensive and labor-intensive management 

interventions. The genetic component of this trait could be passed down to succeeding generations 

resulting in positive and cumulative genetic gains in thermotolerance (Simms, 2000). Different 

species, breeds, and individuals have diverse abilities for coping with high heat loads. Their 

thermotolerance can vary due to individual or herd factors, ability to acclimatize, or a genetic 

adaptation (Collier and Collier, 2012). In terms of productivity in dairy cattle, heat tolerance could 

be defined as an individual that experiences a slower decline in production traits in response to 

increasing heat loads relative to a conspecific that is more sensitive to heat stress (Nguyen et al., 

2018). 
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Reaction norm models (RN) can be used to illustrate changes in an individual’s 

performance across a varying environmental parameter to quantify their phenotypic plasticity 

(Hammami et al., 2009). A genotype-by-environment interaction (GxE) occurs when two or more 

genotypes respond differently to environmental variation (Hayes et al., 2016). A highly plastic 

genotype would show more phenotypic variation across changes in their environment, whereas a 

more robust genotype has a relatively lower environmental sensitivity. This RN would have a more 

stable slope across the varying environmental factors (Hayes et al., 2016). Most heat tolerance 

studies in dairy cattle evaluate production traits across changes in a temperature-humidity index 

(THI). This modelling technique makes it possible to evaluate the genetic merit of individuals 

under heat stress. 

A significant GxE can cause re-ranking of genotypes and/or heterogeneity of variances 

across environments. The re-ranking of genotypes is problematic since individuals with superior 

performance may have severely reduced productivity in a different environment (Hammami et al., 

2015; Wakchaure et al., 2016). A significant GxE can complicate a breeding program by 

decreasing the accuracy of breeding values, reducing selection responses, and obstructing the 

economic gain for a trait. Even though there is minimal evidence for the re-ranking of genotypes 

within countries due to heat stress, the possibility of a significant GxE due to heat stress in Canada 

should be evaluated in the top selection candidates (Hayes et al., 2016; Carabaño et al., 2014). The 

overall aim of this study was to determine if genetic selection for improved heat tolerance is 

possible in the Canadian Holstein population. The two specific objectives of this study were to: 1) 

estimate the genetic parameters for three production traits in Holsteins for five regions in Canada 

while accounting for heat stress, and 2) determine if there is significant re-ranking of estimated 

breeding values (EBV) for the top-ranked bulls at high and low THI values. 
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4.3 MATERIAL AND METHODS 

The initial dataset for this genetic evaluation had 21.7 million test-day records of milk yield 

(g), fat yield (g), and protein yield (g) measured between 2010 and 2019 from 1.2 million animals 

in approximately 8,500 herds located across Canada. This production data was provided by the 

Canadian Dairy Network (CDN, a member of Lactanet Canada) and was grouped into five regional 

subsets. The regions were classified as: Ontario, Quebec, British Columbia, Prairies, and Atlantic 

Maritime. The Prairies region included the provinces Saskatchewan, Manitoba, and Alberta. While 

the Atlantic Maritime region included the provinces Newfoundland and Labrador, Nova Scotia, 

Prince Edward Island, and New Brunswick. Every herd was required to have known geographical 

coordinates and records from at least five different animals per year for at least five years, while 

each record was required to be from parity one, two, or three, and collected between 5 and 305 

days in milk (DIM). Animals were required to have at least a total of five test-day records for each 

parity with at least one trait measurement recorded at a THI below the estimated heat stress 

threshold and at least two records above the same threshold. The addresses for each dairy herd 

were converted to latitude and longitude coordinates using Google Maps Geocoding 

(https://developers.google.com/maps). The number of records, animals, and herds as well as the 

averages and standard errors for milk, fat, and protein yields for each region are listed in Table 

4.1, Table 4.2, and Table 4.3, respectively. 

The daily average relative humidity in % (RH) and ambient temperature in °C (AT) for 

each test-day record from 2010 to 2019 was retrieved from NASA POWER 

(https://power.larc.nasa.gov/) based on each herd’s geographical coordinates. A THI value was 

calculated for the test-day and the two days prior for each production record. The three THI values 

were then averaged into a single value and assigned to a variable called THI2d. This value was used 
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to account for the possible delayed effect of heat stress caused by the thermal environment of the 

days prior to the test-day. The equation that was used to calculate the THI values was: 

𝑇𝐻𝐼 =  (1.8 𝑥 (𝐴𝑇) +  32)– [0.55 –  0.0055 𝑥 (𝑅𝐻)] 𝑥 (1.8 𝑥 (𝐴𝑇) –  26)  

A secondary dataset was created by combining all regional production datasets. These 

production records were adjusted using a linear model for known sources of environmental and 

genetic variation. The adjusted phenotypes were averaged across herds within each THI unit 

starting at THI 30. The production averages were then plotted against THI. The threshold at which 

the production traits began to increase or decrease at a different rate were initially estimated by 

visual assessment. These estimated thresholds were then used to define the segmented polynomial 

regression models that were fitted to the dataset for each production trait. The thresholds were 

adjusted systematically and the segmented polynomial model with the highest R2 value was 

considered the best fit. 

A repeatability test-day model was then used to estimate the genetic parameters for the 

three production traits while accounting for heat stress using ASReml software (Gilmour et al., 

2015). The equation for the repeatability test-day model was: 

𝑦 =  µ +  𝐴𝐷 + 𝑀 + 𝐻𝑌 +  𝑇 + 𝑎 +  𝑝 +  𝛼 𝑓(𝑚) +  𝜋 𝑓(𝑚) + 𝑒  

Where, yijklm is the mth test-day record, which was either the milk, fat, or protein yield, for 

the lth cow, µ is the overall mean, ADi  is the fixed effect of the ith combination of age at calving 

and DIM, Mj is the fixed effect of milking frequency (j = 1 to 3 classes), HYk is the effect of the kth 

combination of the herd and year, Tm  is the THI2d of the mth test-day record, al is the general 

additive genetic effect of the lth cow, pl is the general permanent environment effect of the lth cow, 

αl is the heat tolerance additive genetic effect of the lth cow, πl is the heat tolerance permanent 

environment effect of the lth cow, f(m) is the heat stress function for the mth test-day record, and 
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eijklm is the residual error term. For age at calving, there were eight classes (<24, 25, 26, 27, 28, 29, 

30, >31 months), six classes (<36, 37, 38, 39-40, 41-42, >43 months), and five classes (<50, 51-

52, 53-54, 55, >56 months) defined for the first, second, and third parity, respectively. There were 

11 classes defined for DIM (5 to 29, 61 to 90, 91 to 120, 121 to 150, 151 to 180, 181 to 210, 241 

to 270, 271 to 300, 301 to 305 days). The heat stress function was defined as:  

𝑓(𝑚) =  
0                               𝑖𝑓 𝑇𝐻𝐼  ≤  𝑇𝐻𝐼
𝑇𝐻𝐼 − 𝑇𝐻𝐼        𝑖𝑓 𝑇𝐻𝐼 > 𝑇𝐻𝐼

 

Where, f(m) is the heat stress function for the mth test-day record, 𝑇𝐻𝐼  is the average THI 

for the test-day and the two previous days, and 𝑇𝐻𝐼  is the THI threshold value for the specific 

production trait depending on parity. The random terms for the above repeatability model were 

assumed to have a mean of zero and a normal distribution. The variance-covariance structure for 

this model was:  

𝑣𝑎𝑟

⎣
⎢
⎢
⎢
⎢
⎡
𝑎
∝
𝑝
𝜋
ℎ
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⎤

=   
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⎢
⎢
⎢
⎢
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⎡

𝐴𝜎 𝐴𝜎∝ 0 0 0 0

𝐴𝜎 ∝ 𝐴𝜎∝ 0 0 0 0

0 0 𝐼𝜎 𝐼𝜎 0 0

0 0 𝐼𝜎 𝐼𝜎 0 0

0 0 0 0 𝐼𝜎 0

0 0 0 0 0 𝐼𝜎 ⎦
⎥
⎥
⎥
⎥
⎥
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Where, I is an identity matrix, A is the numerator relationship matrix,  𝜎  and  𝜎∝  are the 

variances of the general additive genetic effects and heat tolerance additive genetic effects,  𝜎  and 

 𝜎  are the variances of the general permanent environment effects and heat tolerance permanent 

environment effects, 𝜎 ∝ and 𝜎∝  are the covariances of the general additive genetic effects and 

heat tolerance additive genetic effects, 𝜎  and 𝜎  are the covariances of the general permanent 

environment effects and heat tolerance permanent environment effects,  𝜎  is the herd-year effect 

variance, and 𝜎 is the residual variance. A random sample of herds was taken from each regional 

dataset. The number of animals in each subset are shown in Table 4.5, 4.6, and 4.7. These subsets 
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of data were used to estimate the variance components using ASReml software (Gilmour et al., 

2015). Whereas, the entire datasets were used to estimate the genetic parameters accounting for 

heat stress using the above repeatability model.  

Heritability (h2) estimates for the production traits were calculated using: 

ℎ =  
𝜎 +  2𝜎 ∝ +  𝜎∝

𝜎 + 2𝜎 ∝ +  𝜎∝ +  𝜎 + 2𝜎 + 𝜎 + 𝜎 + 𝜎
 

The genetic correlations between the heat tolerance additive genetic effects and general 

heat tolerance additive genetic effects were calculated using:  

𝑐𝑜𝑟[𝑎, ∝] =  
𝜎 ∝

𝜎  𝜎∝

 

Lastly, traditional breeding values were calculated for all three production traits using 

another repeatability model without the effect of THI using ASReml software (Gilmour et al., 

2015). The equation for this repeatability test-day model was:  

𝑦 =  µ +  𝐴𝐷 + 𝑀 + 𝐻𝑌 + 𝑎 + 𝑝 + 𝑒  

Where, yijklm is the mth test-day record, which was either the milk, fat, or protein yield, for 

the lth cow, µ is the overall mean, ADi  is the fixed effect of the ith combination of age at calving 

and DIM, Mj is the fixed effect of milking frequency (j = 1 to 3 classes), HYk is the effect of the kth 

combination of the herd and year, al is the general additive genetic effect of the lth cow, pl is the 

general permanent environment effect of the lth cow, and eijklm is the residual error term. The same 

age at calving and DIM classes from above were used for this analysis. The breeding values from 

this traditional repeatability model were estimated using the entire regional datasets. The EBVs 

from this repeatability model without the heat stress function will be referred to as EBV_TM. The 

EBVs from the repeatability model with the heat stress function for animals under heat stress or in 

other words experiencing a THI above their threshold will be referred to as EBV_HS. The EBVs 
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from the repeatability model with the heat stress function for animals within their thermal comfort 

zone or in other words experiencing a THI below their threshold will be referred to as EBV_CZ. 

Spearman correlations between the EBV_TM and EBV_CZ as well as EBV_TM and EBV_HS 

for each trait were then calculated twice, once using all bulls with a reliability of 70% or greater 

and once using the 50 top-ranked bulls with 70% or greater reliability.  

4.4 RESULTS AND DISCUSSION 

Breeding programs have become increasingly more interested in traits such as robustness, 

environmental sensitivity, resilience, and environmental flexibility. Although, there are several 

different definitions for these terms in the literature, robustness and environmental sensitivity are 

commonly defined using a RN. A more robust or less environmental sensitive genotype in terms 

of heat stress is one with a close to zero slope in response to an increasing heat load or a higher 

threshold that marks the late onset of heat stress relative to other individuals (Ravagnolo and 

Misztal, 2000; Hayes et al., 2016). There is also abundant evidence that genetic variability in the 

thermotolerance of dairy cattle in terms of productivity exists (Ravagnolo and Misztal, 2000; 

Bohmanova et al., 2005; Carabaño et al., 2014). This variability is essential for the genetic 

improvement of heat tolerance. It is also possible to use an RN to determine the variation in the 

genetic merit of dairy cattle productivity at high heat loads. Due to this functionality, a repeatability 

model fitting a linear RN was used to investigate the environmental sensitivity of Canadian dairy 

cattle to heat stress. 

In this study, THI values were used to quantify the heat load within a dairy cow’s 

environment. An RN can be defined by two parameters: the thermal or THI threshold, and the 

subsequent decline in the trait of interest. For simplicity, a universal threshold was assumed for all 

animals. The THI thresholds at which milk, fat, and protein yield in Canadian dairy cattle started 
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to change at a different rate on average are presented in Table 4.4. The relationships between THI 

and each production trait are also shown in Figure 4.1. There were three thresholds identified for 

milk yield, one threshold identified for fat yield, and two thresholds identified for protein yield. 

The thresholds that were chosen to mark the onset of heat stress and consequently define the heat 

stress functions for milk, fat, and protein yield were 60, 48, and 58 THI, respectively. These 

thresholds were selected because they marked the lowest THI at which the average rate of change 

in the adjusted production traits per unit of THI was negative. The third and second threshold for 

milk and protein, respectively, marked the THI at which production traits started to decline at a 

faster rate per unit of THI, on average. However, this model assumed that each production trait 

started to decline linearly after the selected THI threshold. This was a simple but adequate 

approximation of the actual pattern of change in these production traits as THI increases. However, 

there was some loss of information while assuming this static universal threshold and linear decay. 

The estimates for the variance components at 15 units above the THI thresholds for milk, 

fat, and protein yield are shown in Table 4.5, Table 4.6, and Table 4.7, respectively. The genetic 

parameters were examined at 15 units above the respective thresholds for each trait in order to 

adequately study the full impact of heat stress. The THI values, 75, 63, and 73, were 15 units above 

the respective thresholds for milk, fat, and protein yield. The additive genetic variance for heat 

tolerance was zero at the THI threshold and would increase as THI increased. The heat tolerance 

additive genetic variances were less than the general additive genetic variances for all traits at 15 

units above the THI threshold. The general additive genetic variances generally increased from 

first to third parity for all traits, whereas the heat tolerance additive genetic variances generally 

decreased from first to third parity for all traits. However, other studies reported higher additive 

genetic variances for heat tolerance in multiparous cows than primiparous cows (Aguilar et al., 
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2009; Boonkum et al., 2011; Bernabucci et al., 2014). The general additive genetic variances were 

similar across all regions, whereas the heat tolerance additive genetic variances for Quebec and 

Ontario were generally lower than the variances for British Columbia, Atlantic Maritime, and 

Prairies. The general and heat tolerance permanent environment variances generally increased 

from first to third parity. The heat tolerance and general permanent environment variances were 

also mostly consistent across regions. Lastly, the heat tolerance permanent environment variances 

were generally higher than the heat tolerance additive genetic variances for all traits with some 

exceptions. This may indicate that the sensitivity to heat stress is mostly acquired instead of 

inherited. 

Descriptive statistics for the EBVs of bulls are presented in Table 4.8, Table 4.9, and Table 

4.10 for milk, fat, and protein yield, respectively. The mean EBV at 15 units above the THI 

threshold expressed in g/day per unit THI for bulls under heat stress (EBV_HS) was lower than 

the mean EBV for bulls within their thermal comfort zone (EBV_CZ) and the mean EBV from the 

traditional repeatability model (EBV_TM) for all traits. The EBV_CZ describes a cow’s genetic 

potential for productivity within their thermal comfort zone. The thermal comfort zone refers to 

THI values below the respective THI threshold, whereas the EBV_TM describes their genetic 

potential for productivity without accounting for heat stress. The mean EBV_HS for each trait was 

negative for all parities and regions. This indicates that heat stress has a negative impact on the 

genetic potential for productivity in Canadian Holsteins. The mean EBV_CZ and EBV_TM 

increased from first to third parity for all traits. However, there was a larger negative impact of 

heat stress on the genetic potential of productivity for third parity cows than first parity cows for 

all traits. Lastly, all regions had similar EBV_HS, EBV_TM, and EBV_CZ means and ranges with 

some exceptions. 
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Heritability estimates at 15 units above the THI threshold are shown in Table 4.11. These 

heritabilities for milk, fat, and protein yield ranged between 0.10 to 0.29, 0.10 to 0.19, and 0.09 to 

0.25, respectively. Heritabilities were similar across regions and traits, however, the estimates were 

generally higher for first parity than for later parities. These low to moderate heritability estimates 

were similar to the results reported by other studies using a similar repeatability model with a heat 

stress function. For instance, Ravagnolo and Misztal (2000) found that the heritability for milk and 

protein yield ranged between 0.16 to 0.21, and Bernabucci et al. (2014) found that heritability for 

milk, fat, and protein yield ranged between 0.07 to 0.23. Whereas, Aguilar et al. (2009) reported 

heritabilities for the same three traits ranging from 0.10 to 0.24 using a test-day random regression 

model with linear splines. 

The genetic correlations between the generic additive genetic effects and the additive 

genetic effects for heat tolerance at 15 units above the THI are shown in Table 4.12. The estimated 

genetic correlations for milk, fat, and protein yield ranged from -0.06 to -0.40, -0.16 to -0.59, and 

-0.04 to -0.42, respectively. Therefore, there is a low to moderate antagonistic relationship between 

heat tolerance and production traits. This means that sustained selection for production traits 

without consideration for heat stress will likely continue to decrease the ability of dairy cattle to 

cope with heat stress. Ravagnolo and Misztal (2000) also found a moderate genetic correlation 

between general production and heat tolerance ranging between -0.23 to -0.35 for milk, fat, and 

protein yield. Similarly, Bernabucci et al. (2014) found that genetic correlations between generic 

and heat tolerance additive effects ranged from -0.24 to -0.56 for four production traits. This 

negative relationship is most likely due to the highly active metabolism that is associated with high 

productivity. A highly active metabolism produces a substantial amount of body heat, which can 
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increase an animal’s core body temperature in a hot environment if their heat dissipation processes 

are not able to compensate for the internal and external heat gained (Collier and Collier, 2012). 

GxE can be grouped into three categories. This includes no interaction, non-crossover 

interaction, and crossover interaction (Baye et al., 2011). There is no interaction when one 

genotype constantly outperforms another genotype by the same quantity across different 

environments. A non-crossover interaction is when one genotype outperforms another genotype 

across a varying environment but the difference in performance between genotypes is not 

consistent and does not result in the re-ranking of genotypes. A crossover interaction, occurs when 

the difference in performance between genotypes across different environments is not consistent 

causing a re-ranking of genotypes (Baye et al., 2011). A crossover interaction or in other words, 

significant re-ranking reduces the selection response of a trait when animals are reared in a 

different environment from the selection environment. A scaling effect on variances can also occur 

due to GxE and can negatively affect genetic gain if not properly accounted for in genetic 

evaluations. This is because genetic progress is dependent on genetic variance. If a scaling effect 

is not accounted for, animals evaluated in an environment with lower genetic variance will be 

selected less often than animals evaluated in an environment with a higher genetic variance 

(Kolmodin, 2003). 

Spearman correlations between the EBV_TM and EBV_CZ as well as EBV_HS at 15 units 

above the THI threshold for milk, fat, and protein yield are presented in Table 4.13 and Table 4.14. 

The correlations were calculated from all the bulls with a reliability >70% based on the traditional 

repeatability model with no heat stress effect. The correlations between EBV_TM and EBV_CZ 

ranged between 0.98 and 0.99, whereas the correlations between EBV_TM and EBV_HS ranged 

between 0.81 and 0.99. The correlations were also calculated using the top 50 ranked bulls with a 
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reliability >70%. These correlations between EBV_TM and EBV_CZ ranged between 0.77 and 

0.99, whereas the correlations between EBV_TM and EBV_HS ranged between 0.28 and 0.95 

Generally, a genetic correlation between two trait measurements that is less than 0.80 is an 

indicator of a strong GxE that can cause the re-ranking of genotypes (Hayes et al., 2016). 

Therefore, a GxE effect does not cause significant re-ranking among Canadian bulls when a large 

number of bulls are included in the calculations. However, since producers tend to only use a small 

number of top-ranked sires for breeding purposes, this result is less significant. Therefore, the 

correlations between the EBVs for the 50 top-ranked bulls is a more accurate representation of the 

impact of GxE on production traits in Canada. For milk yield, 10 out of the 15 analyses had a 

correlation below 0.80, whereas only two correlations between EBV_TM and EBV_HS for fat 

yield were below 0.80. For protein yield, 10 out of the 15 analyses had a correlation below 0.80. 

The correlations between EBV_TM and EBV_HS were typically larger in later parity than first 

parity for all traits.  

In conclusion, there was a strong GxE effect on protein and milk yield, which may have 

caused significant re-ranking of the top-ranked sires in Canada, especially for first and second 

parity. There was less evidence that there was a strong GxE effect on fat yield resulting in a 

significant re-ranking of top-ranked sires. This indicates that genetic gain of milk and protein yield 

may be impeded by an interaction between productivity and the thermal environment. Bernabucci 

et al. (2014) also found that the inclusion of a heat stress function in their model caused the re-

ranking of sires in Italian Holsteins, whereas Bohmanova et al. (2008) reported no changes in bull 

rankings between cooler and hotter regions in the United States. Therefore, there is conflicting 

evidence for a strong GxE effect on production traits within countries. 
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The relationships between the EBVs for milk, fat, and protein yield and THI for the 10 top-

ranked bulls from the repeatability model with a heat stress effect are depicted in Figure 4.2, Figure 

4.3, and Figure 4.4. Generally, the bulls did not have the same response to a high THI since the 

slope of the EBVs differed from each other after the THI thresholds. Bulls with a slope closer to 

zero would be less sensitive to heat stress in terms of productivity, whereas bulls with a steeper 

slope would be more sensitive to heat stress. Overall, this variability in heat stress response shows 

that some sires that have superior performance in a thermoneutral environment may not perform 

as well at a high THI, whereas other top-ranked sires can maintain adequate performance despite 

experiencing heat stress. Therefore, bulls that are used for breeding purposes do not have the same 

heat stress response in terms of productivity. 

Overall, this study also had some limitations. For instance, the heat stress function does not 

account for other specific factors that affect the incidence and severity of heat stress, such as heat 

stress management, barn stocking density, nutrition, or previous exposure to heat stress. As a 

result, the estimated genetic parameters for heat tolerance could have been inaccurately estimated. 

For example, the genetic parameters may have been underestimated since heat stress would be less 

evident in herds with extensive management and cooling devices (Freitas et al., 2006). 

Furthermore, this model does not account for the effects of prolonged periods of heat stress. Heat 

waves can have a debilitating effect on dairy cattle due to the lack of nighttime cooling and high 

heat intensity (Igono et al., 1992). The THI equation used in these analyses may not optimally 

quantify heat stress in every region as well. For instance, it may underestimate heat stress in humid 

environments such as Atlantic Maritime and Ontario. This is due to the relatively small weighting 

on RH compared to the weighing on AT (Bohmanova et al., 2007). Furthermore, this THI equation 

was developed to estimate human comfort during heat stress and the correlations with 
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physiological parameters in dairy cattle have not been extensively researched. Additionally, test-

day records only capture a fraction of the effect of heat stress on productivity and may not reflect 

a dairy cow’s long-term response to heat stress. This is because these record types cannot account 

for the cumulative effect of heat stress between test-days. Furthermore, there needs to be enough 

test records under heat stress to achieve high reliability of sire evaluations (Bohmanova et al., 

2008). 

In addition, there may also be a culling bias effecting latter parity traits since each parity is 

analyzed separately. A multiple trait analysis would include all observations and may help reduce 

this bias error (Schaeffer, 2019). Lastly, there is evidence that dairy cattle can have different 

thresholds for the onset of heat stress. Therefore, it may be problematic to assume a universal 

threshold. Sánchez et al. (2009) found that individual variation occurs in the onset of heat stress. 

However, they also reported that the production decline and individual thresholds were highly 

positively correlated. Therefore, breeding for a smaller slope after the threshold would 

simultaneously increase the threshold for the onset of heat stress. Still, they concluded that a model 

with both selection criteria is still preferable. This is problematic because the estimation of 

individual thresholds is more computationally demanding (Sánchez et al., 2009). 

Furthermore, the model used in this study assumed that production traits decline linearly 

after the THI threshold which may not reflect the actual pattern of production decay. A different 

modelling approach such as a test-day random regression model instead of a repeatability model 

would have allowed for greater flexibility. This is because a test-day random regression model 

does not require defining a static threshold level and changes in genetic parameters could have 

been studied across the entire trajectory of a different covariate (Brügemann et al., 2011). 

However, these models are harder to implement due to their greater model complexity and poorer 
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biological interpretation of resultant parameters (Ravagnolo and Misztal, 2000; Carabaño et al., 

2014). 

Several studies have investigated the relationship between heat stress and other traits, such 

as reproduction and risk of mortality in dairy cattle (Ravagnolo and Misztal, 2002; Vitali et al., 

2009; Biffani et al., 2016). There is a negative genetic relationship between heat tolerance and 

reproduction (Ravagnolo and Misztal, 2002; Biffani et al., 2016). Vitali et al. (2009) also found 

that the summer had the highest frequency of death in dairy cattle in Italy. Therefore, the complete 

impact of heat stress on the profitability and sustainability of dairy farms is not fully captured by 

solely analyzing production traits. Furthermore, maintaining homeostasis is a dynamic process that 

requires changes in some functions to stabilize others (Rauw and Gomez-Raya, 2015). It is 

important to consider the impact of reducing plasticity in production traits on other physiological 

processes. For instance, sires with improved heat tolerance transmit higher fertility, productive 

life, and stature and strength, but also lower production potential (Bohmanova et al., 2005; Aguilar 

et al., 2010). It may also be important to consider environmental flexibility. Environmental 

flexibility refers to the ability of animal to respond adaptively to environmental challenges by 

modifying their physiology and behavior. Phenotypic plasticity on the whole organism level is 

essential for environmental flexibility and adaptation. Low flexibility results in low survival, 

impaired fertility, high levels of culling, and loss of economic resources (Misztal, 2017). 

4.5 CONCLUSIONS 

The results showed that heat tolerance has a low to moderate heritability and that variation 

in thermotolerance exists in the Canadian Holstein population. Therefore, genetic selection for 

heat tolerance is possible for Canadian dairy cattle, but the genetic gain would be somewhat slow 

due to the low heritability. This study also showed that the Canadian dairy cattle breeding program 



 

102 

should consider incorporating heat tolerance into future breeding goals since there is a moderate 

negative correlation between production traits and the ability of dairy cows to cope with heat stress. 

The continued selection for production traits without consideration for heat tolerance will likely 

increase the susceptibility of Canadian dairy cattle to heat stress. Additionally, there is evidence 

that significant re-ranking among the 50 top-ranked bulls occurs between low and high heat load 

environments for milk and protein yield. Therefore, there may be a strong GxE effect on milk and 

protein yield that may result in animals performing substantially less well than expected in hot 

environments. Lastly, heat stress may have a greater impact on the genetic merit of dairy cattle for 

milk yield than protein and fat yield. Future research could focus on including multiple traits into 

a heat tolerance definition, alternatives to THI as an environmental heat stress indicator, 

implementing a more sophisticated model to estimate genetic parameters, or accounting for 

prolonged heat events. Overall, this study provided insight on the possibility of improving 

thermotolerance in Canadian Holsteins despite its limitations. 
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4.6 TABLES 

Table 4.1. The number of records, cows, and herds used for the analysis of milk yield (g) as well 
as the means and standard errors (SE) for each parity by region (BC = British Columbia and AM= 
Atlantic Maritime). 

Region Parity Records Cows Herds Mean SE 

 1 821873 99925 961 29164.6 1432.7 
Quebec 2 648158 79774 909 34475.6 2048.8 

 3 422649 52239 805 36500.4 2244.0 
 1 760211 93691 632 30552.9 1503.4 

Ontario 2 555014 69363 601 35936.0 2148.1 
 3 341373 42980 551 37898.6 2333.6 
 1 214915 27435 160 31515.5 1501.8 

BC 2 139630 17922 147 37985.6 2178.0 
 3 74618 9632 116 39855.6 2391.90 
 1 377706 46860 304 29868.9 1522.2 

AM 2 269327 33590 285 35498.6 2145.5 
 3 176787 22194 265 37345.0 2341.5 
 1 892000 118217 511 31908.6 1559.8 

Prairies 2 594417 79508 498 37535.6 2224.6 
 3 355053 47698 445 39514.0 2435.9 
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Table 4.2. The number of records, cows, and herds used for the analysis of fat yield (g) as well as 
the means and standard errors (SE) for each parity by region (BC = British Columbia and AM = 
Atlantic Maritime). 

Region Parity Records Cows Herds Mean SE 

 1 1124598 141257 1075 1142.3 57.1 
Quebec 2 889269 112746 1050 1329.7 78.0 

 3 599887 76478 977 1404.1 87.7 
 1 884262 112158 654 1169.6 60.3 

Ontario 2 644330 82846 628 1363.1 83.6 
 3 406367 52687 601 1438.4 93.2 
 1 641338 84884 256 1199.8 60.0 

BC 2 429998 57356 245 1429.6 85.0 
 3 259365 34808 235 1501.5 95.4 
 1 526499 66777 317 1154.7 64.4 

AM 2 376322 47982 305 1364.3 87.0 
 3 255132 32819 298 1433.0 97.1 
 1 1329045 180970 566 1217.2 64.1 

Prairies 2 901419 124061 558 1407.7 88.8 
 3 556309 77072 526 1478.8 98.8 
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Table 4.3. The number of records, cows, and herds used for the analysis of protein yield (g) as 
well as the means and standard errors (SE) for each parity by region (BC = British Columbia and 
AM = Atlantic Maritime). 

Region Parity Records Cows Herds Mean SE 

 1 901174 110981 1007 950.8 42.9 
Quebec 2 714915 88888 965 1121.8 57.4 

 3 471779 58920 866 1175.6 62.4 
 1 779900 97466 639 980.0 44.8 

Ontario 2 567389 71853 609 1152.6 59.7 
 3 354197 45152 571 1200.2 64.2 
 1 330863 42870 198 1021.1 45.0 

BC 2 217780 28395 190 1217.7 59.5 
 3 125759 16517 168 1260.0 65.1 
 1 405502 50747 309 953.7 46.1 

AM 2 289918 36439 289 1130.3 60.7 
 3 193041 24432 279 1171.0 65.7 
 1 994485 133237 533 1021.8 46.3 

Prairies 2 662482 89578 514 1197.0 61.3 
 3 403430 54805 480 1241.0 66.8 

 

Table 4.4. Temperature-humidity index thresholds for milk, fat, and protein yields. The underlined 
threshold used to define the heat stress function for each trait. 

Parity Milk Yield Fat Yield Protein Yield 

1 41 60 71 48 58 74 
2 44 60 71 48 58 75 
3 44 60 71 48 58 75 
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Table 4.5. Variance component estimates for milk yield at 15 units above the temperature-humidity index threshold and the number of 
cows used in these analyses (BC = British Columbia and AM = Atlantic Maritime). 

 
Parity 𝝈𝒂

𝟐 𝝈∝
𝟐  𝝈𝒂∝ 𝝈𝒑

𝟐 𝝈𝝅
𝟐  𝝈𝒑𝝅 No. of Cows  

1 6532580 1325331 -294669 6419750 6659258 -917787 35964 
Quebec 2 7688550 610517 -420305 11938300 17705430 -2775435 35810  

3 8976120 412461 -298629 13198100 20789753 -3042465 35407  
1 7889020 3131550 -1655055 8086570 6273720 -1094477 38582 

Ontario 2 7974350 1707066 -1098071 13144000 15791558 -3323265 33663  
3 8554760 1020056 -1103472 15267400 22811400 -4634640 35090  
1 8797440 6616958 -1317885 7443360 5260973 -566393 27435 

BC 2 9745730 3063398 -2174625 13551000 18176940 -2462790 17922  
3 9071040 5741820 -2229585 16062800 21385575 -3812715 9632  
1 6248480 6376815 -878837 7388000 4577670 -1482297 33723 

AM 2 7178900 4417898 -767979 12333200 18231480 -2836320 33590  
3 7956450 1773524 553227 13261100 22439925 -5099535 22194  
1 8137620 7118145 -1171770 9564630 5487863 -1013993 33496 

Prairies 2 9933100 5070263 -915059 15626100 18334170 -2329335 33716  
3 9079390 4833675 -422595 18755700 23466825 -3723225 35846 

𝜎  = general additive genetic variance,  𝜎∝  = heat tolerance additive genetic variance,  𝜎  = general permanent environment variance, 
 𝜎  = heat tolerance permanent environment variance, 𝜎 ∝ = additive genetic covariance, and 𝜎  = permanent environment covariance.  
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Table 4.6. Variance component estimates for fat yield at 15 units above the temperature-humidity index threshold and the number of 
cows used in these analyses (BC = British Columbia and AM = Atlantic Maritime). 

 
Parity 𝝈𝒂

𝟐 𝝈∝
𝟐  𝝈𝒂∝ 𝝈𝒑

𝟐 𝝈𝝅
𝟐  𝝈𝒑𝝅 No. of Cows  

1 8084 1038 -569 10328 4449 -2205 32705 
Quebec 2 13233 624 -791 17818 10611 -4984 35158  

3 15094 760 -1185 21385 13019 -5721 34481  
1 10743 1468 -1341 10681 4135 -2409 32370 

Ontario 2 15358 1484 -783 20009 9530 -5722 34048  
3 20224 859 -1671 22406 13309 -6710 34968  
1 11768 2455 -1234 11350 6270 -2594 32156 

BC 2 16128 809 -1385 22537 17320 -6432 31753  
3 16314 1156 -2559 26669 20949 -7100 34808  
1 9885 2327 -1386 10589 4331 -2366 33770 

AM 2 14326 2067 -995 18913 12995 -5909 35735  
3 16392 1686 -920 22730 16304 -7830 32819  
1 13260 2024 -1462 13342 5059 -2356 34080 

Prairies 2 17545 2316 -1656 22777 14519 -5698 33361  
3 17130 2355 -2151 28938 17763 -6969 32548 

𝜎  = general additive genetic variance,  𝜎∝  = heat tolerance additive genetic variance,  𝜎  = general permanent environment variance, 
 𝜎  = heat tolerance permanent environment variance, 𝜎 ∝ = additive genetic covariance, and 𝜎  = permanent environment covariance.  
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Table 4.7. Variance component estimates for protein yield at 15 units above the temperature-humidity index threshold and the number 
of cows used in these analyses (BC = British Columbia and AM = Atlantic Maritime). 

 
Parity 𝝈𝒂

𝟐 𝝈∝
𝟐  𝝈𝒂∝ 𝝈𝒑

𝟐 𝝈𝝅
𝟐  𝝈𝒑𝝅 No. of Cows  

1 4131 1682 -480 6163 6819 -1277 35705 
Quebec 2 5734 1353 -1181 9756 13524 -2672 34330  

3 6823 1412 -997 11698 17135 -3636 35352  
1 5076 1909 -1007 6437 6002 -1511 37213 

Ontario 2 6390 1452 -945 11010 14015 -4249 33410  
3 7810 1439 -1316 12217 17440 -4523 34346  
1 5949 5593 -838 6915 5151 -1517 34908 

BC 2 6211 4881 -1279 12099 14512 -3740 28395  
3 7247 4636 -1920 12689 17059 -3506 16517  
1 4524 6403 -1098 6300 4588 -1642 36265 

AM 2 5946 4786 -1054 10131 14891 -3661 34716  
3 7112 2443 -1030 10905 19517 -4748 24432  
1 5558 7012 -1113 8136 3215 -1810 32257 

Prairies 2 7515 5435 -241 12480 12783 -3554 35668  
3 8431 5268 -782 14942 16598 -4313 34285 

𝜎  = general additive genetic variance,  𝜎∝  = heat tolerance additive genetic variance,  𝜎  = general permanent environment variance, 
 𝜎  = heat tolerance permanent environment variance, 𝜎 ∝ = additive genetic covariance, and 𝜎  = permanent environment covariance. 
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Table 4.8. The mean and range of the estimated breeding values for bulls from the traditional repeatability model without the heat stress 
effect (TM) and from the repeatability model with the heat stress function at a temperature-humidity index (THI) value within the 
thermal comfort zone (CZ) and at 15 THI units above the heat stress threshold (HS) for milk yield (g/d) (BC = British Columbia and 
AM = Atlantic Maritime). 

 TM  CZ  HS 
 Parity Mean Range Mean Range Mean Range 

 1 1481.8 -4436 to 9130 1572.2 -4348 to 9120 -23.3 -1798 to 1924 
Quebec 2 2399.1 -3292 to 12880 2378.3 -3163 to 12410 -169.1 -1317 to 925 

 3 2593.2 -3051 to 13290 2568.0 -2957 to 12840 -101.0 -947 to 732 
 1 1157.0 -6449 to 9127 1094.2 -6647 to 8647 -231.8 -2874 to 2692 

Ontario 2 1455.4 -6895 to 10950 1415.8 -7126 to 10570 -381.6 -2392 to 1487 
 3 1421.9 -7288 to 9701 1453.5 -7160 to 9437 -442.9 -2065 to 757 
 1 620.4 -6623 to 8090 548.7 -6960 to 8068 -402.6 -5354 to 4546 

BC 2 896.0 -5209 to 8302 940.8 -5154 to 8542 -698.8 -3411 to 892 
 3 1077.9 -4610 to 10740 1197.4 -4456 to 10980 -1057.2 -5036 to 1122 
 1 709.2 -5009 to 8514 628.1 -4976 to 8590 -196.2 -4398 to 3840 

AM 2 1727.1 -4966 to 9651 1651.2 -4985 to 9650 -456.9 -3711 to 1972 
 3 1992.7 -2835 to 11430 1895.3 -2989 to 10950 -532.9 -2475 to 997 
 1 733.0 -7169 to 9704 631.1 -7366 to 9095 33.8 -5968 to 7430 

Prairies 2 983.7 -7122 to 10580 941.0 -6963 to 10320 -216.7 -3698 to 3958 
 3 1391.4 -7229 to 10180 1387.9 -7153 to 9827 -276.0 -3988 to 2782 
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Table 4.9. The mean and range of the estimated breeding values for bulls from the traditional repeatability model without the heat stress 
effect (TM) and from the repeatability model with the heat stress function at a temperature-humidity index (THI) value within the 
thermal comfort zone (CZ) and at 15 THI units above the heat stress threshold (HS) for fat yield (g/d) (BC = British Columbia and AM 
= Atlantic Maritime). 

 TM  CZ  HS 
 Parity Mean Range Mean Range Mean Range 

 1 53.9 -246.3 to 345.1 65.5 -246.3 to 363.0 -25.2 -98.7 to 29.4 
Quebec 2 92.8 -117.6 to 455.9 107.0 -108.2 to 488.8 -28.3 -71.5 to 3.9 

 3 112.5 -130.9 to 485.7 130.4 -152.6 to 542.4 -30.1 -78.1 to 10.2 
 1 38.8 -195.8 to 328.6 58.0 -187.9 to 385.0 -28.6 -134.9 to 37.1 

Ontario 2 50.0 -202.8 to 420.8 71.5 -191.6 to 501.5 -32.0 -100.2 to 22.5 
 3 62.1 -202.6 to 470.6 86.3 -196.5 to 552.3 -32.7 -102.2 to 5.0 
 1 31.3 -210.0 to 377.3 40.5 -208.1 to 447.9 -13.7 -121.2 to 77.9 

BC 2 30.8 -243.5 to 393.5 42.8 -235.2 to 437.3 -19.3 -70.6 to 15.8 
 3 46.4 -198.0 to 448.4 56.2 -211.6 to 493.8 -20.7 -104.7 to 23.4 
 1 35.2 -206.7 to 307.3 57.1 -193.9 to 341.1 -39.1 -144.2 to 57.4 

AM 2 60.0 -172.8 to 356.3 86.9 -168.0 to 430.6 -48.2 -135.9 to 18.0 
 3 71.8 -156.6 to 428.8 98.5 -155.9 to 506.0 -47.5 -125.2 to 4.6 
 1 39.6 -246.2 to 506.9 49.9 -256.3 to 553.4 -22.1 -140.6 to 91.8 

Prairies 2 41.3 -270.9 to 506.6 53.7 -284.3 to 556.5 -29.0 -164.0 to 53.3 
 3 52.5 -236.7 to 446.6 66.0 -262.8 to 472.0 -31.1 -127.2 to 38.8 
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Table 4.10. The mean and range of the estimated breeding values for bulls from the traditional repeatability model without the heat 
stress effect (TM) and from the repeatability model with the heat stress function at a temperature-humidity index (THI) value within the 
thermal comfort zone (CZ) and at 15 THI units above the heat stress threshold (HS) for protein yield (g/d) (BC = British Columbia and 
AM = Atlantic Maritime). 

   TM  CZ  HS 
 Parity Mean Range Mean Range Mean Range 

 1 41.3 -93.6 to 264.3 46.6 -87.3 to 275.8 -21.7 -93.9 to 31.0 
Quebec 2 70.4 -87.7 to 368.7 76.5 -86.3 to 382.4 -31.7 -97.1 to 27.3 

 3 80.2 -100.7 to 388.0 89.1 -97.8 to 419.5 -34.2 -105.6 to 10.0 
 1 33.8 -160.5 to 265.7 41.6 -154.5 to 291.0 -26.9 -109.2 to 31.3 

Ontario 2 41.5 -160.0 to 323.5 53.9 -154.5 to 364.4 -37.1 -136.1 to 5.8 
 3 46.1 -204.8 to 326.1 60.4 -197.5 to 373.0 -41.5 -121.4 to 4.1 
 1 28.0 -140.2 to 255.2 30.3 -143.3 to 274.9 -21.4 -190.5 to 106.9 

BC 2 28.4 -154.4 to 268.1 33.2 -152.3 to 280.6 -35.2 -145.9 to 70.7 
 3 34.5 -129.0 to 310.2 41.4 -128.3 to 336.2 -45.6 -175.2 to 33.6 
 1 22.7 -126.3 to 225.2 30.0 -129.2 to 242.9 -36.0 -196.2 to 102.2 

AM 2 49.4 -139.8 to 268.3 59.9 -129.4 to 301.2 -53.0 -172.8 to 42.0 
 3 58.3 -84.2 to 311.9 71.6 -79.4 to 337.8 -56.5 -139.4 to 5.7 
 1 28.3 -139.2 to 282.1 30.6 -143.7 to 277.5 -21.7 -230.0 to 185.0 

Prairies 2 31.5 -188.8 to 287.1 35.4 -186.5 to 300.9 -33.9 -182.1 to 118.2 
 3 41.5 -174.0 to 346.0 47.7 -172.0 to 361.0 -37.2 -195.9 to 73.3 
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Table 4.11. Estimates for heritability at 15 units above the respective temperature-humidity index 
threshold for milk, fat, and protein yield. 

 Parity Milk Yield Fat Yield Protein Yield 

 1 0.21 0.14 0.13 
Quebec 2 0.12 0.14 0.09 

 3 0.13 0.13 0.10 
 1 0.18 0.15 0.13 

Ontario 2 0.11 0.15 0.10 
 3 0.10 0.16 0.10 
 1 0.29 0.19 0.24 

British Columbia 2 0.12 0.13 0.14 
 3 0.13 0.10 0.12 
 1 0.26 0.14 0.20 

Atlantic Maritime 2 0.14 0.13 0.14 
 3 0.15 0.13 0.11 
 1 0.27 0.16 0.25 

Prairies 2 0.17 0.14 0.19 
 3 0.15 0.11 0.17 

 

Table 4.12. The genetic correlations between the generic additive genetic effects and the additive 
genetic effects for heat tolerance at 15 units above the respective temperature-humidity index 
threshold for milk, fat, and protein yield. 

 Parity Milk Yield Fat Yield Protein Yield 

 1 -0.10 -0.20 -0.18 
Quebec 2 -0.19 -0.28 -0.42 

 3 -0.16 -0.35 -0.32 
 1 -0.33 -0.34 -0.32 

Ontario 2 -0.30 -0.16 -0.31 
 3 -0.37 -0.40 -0.39 
 1 -0.17 -0.23 -0.15 

British Columbia 2 -0.40 -0.38 -0.23 
 3 -0.31 -0.59 -0.33 
 1 -0.14 -0.29 -0.20 

Atlantic Maritime 2 -0.14 -0.18 -0.20 
 3 0.15 -0.18 -0.25 
 1 -0.15 -0.28 -0.18 

Prairies 2 -0.13 -0.26 -0.04 
 3 -0.06 -0.34 -0.12 
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Table 4.13. Correlations between the estimate breeding values (EBV) for all the bulls with a reliability of >70% from the traditional 
repeatability model (TM) and the EBV for the same bulls within the thermal comfort zone (CZ) as well as under heat stress (HS) at 15 
units above the temperature-humidity index threshold for milk, fat, and protein yield. The number of bulls that were used for each 
comparison are also listed (SE = Standard Error, QU = Quebec, ON = Ontario, BC = British Columbia, AM = Atlantic Maritime, and P 
= Prairies). 

 Parity Milk TM/CZ 
± (SE) 

Milk TM/HS 
± (SE) 

Milk No. 
Bulls 

Fat TM/CZ 
± (SE) 

Fat TM/HS 
± (SE) 

Fat No. 
Bulls 

Protein TM/CZ 
± (SE) 

Protein TM/HS 
± (SE) 

Protein 
No. Bulls 

 1 0.99 (0.001) 0.97 (0.004) 1508 0.99 (0.002) 0.99 (0.003) 1806 0.99 (0.002) 0.95 (0.006) 1324 
QU 2 0.99 (0.002) 0.99 (0.003) 795 0.99 (0.002) 0.99 (0.002) 1375 0.99 (0.002) 0.98 (0.005) 768 

 3 0.99 (0.001) 0.99 (0.003) 454 0.99 (0.002) 0.99 (0.003) 593 0.99 (0.002) 0.98 (0.007) 418 
 1 0.98 (0.004) 0.93 (0.007) 1425 0.99 (0.003) 0.99 (0.003) 1561 0.99 (0.002) 0.96 (0.006) 1219 

ON 2 0.99 (0.003) 0.96 (0.008) 620 0.99 (0.003) 0.99 (0.003) 947 0.99 (0.003) 0.97 (0.007) 578 
 3 0.99 (0.004) 0.98 (0.007) 313 0.99 (0.003) 0.99 (0.004) 480 0.99 (0.003) 0.98 (0.007) 337 
 1 0.99 (0.004) 0.83 (0.018) 516 0.99 (0.002) 0.97 (0.005) 1204 0.99 (0.002) 0.84 (0.016) 634 

BC 2 0.99 (0.004) 0.94 (0.016) 217 0.99 (0.002) 0.99 (0.003) 774 0.99 (0.003) 0.82 (0.026) 274 
 3 0.99 (0.006) 0.81 (0.045) 97 0.99 (0.003) 0.99 (0.004) 358 0.99 (0.004) 0.84 (0.032) 160 
 1 0.99 (0.004) 0.85 (0.016) 621 0.98 (0.004) 0.96 (0.007) 928 0.99 (0.004) 0.85 (0.017) 521 

AM 2 0.99 (0.005) 0.91 (0.017) 308 0.99 (0.005) 0.98 (0.006) 506 0.99 (0.004) 0.89 (0.018) 316 
 3 0.99 (0.004) 0.97 (0.012) 201 0.99 (0.005) 0.98 (0.008) 313 0.99 (0.004) 0.95 (0.015) 215 
 1 0.99 (0.002) 0.86 (0.009) 1786 0.99 (0.002) 0.98 (0.002) 2642 0.99 (0.002) 0.84 (0.010) 1578 

P 2 0.99 (0.002) 0.91 (0.010) 790 0.99 (0.002) 0.99 (0.003) 1387 0.99 (0.002) 0.90 (0.012) 786 
 3 0.99 (0.002) 0.92 (0.015) 368 0.99 (0.003) 0.99 (0.004) 641 0.99 (0.002) 0.88 (0.017) 422 
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Table 4.14. Correlations between the estimate breeding values (EBV) for the top 50 bulls with a reliability of >70% from the traditional 
repeatability model (TM) and the EBV for the same bulls within the thermal comfort zone (CZ) as well as under heat stress (HS) at 15 
units above the temperature-humidity index threshold for milk, fat, and protein yield (SE = Standard Error, QU = Quebec, ON = Ontario, 
BC = British Columbia, AM = Atlantic Maritime, and P = Prairies). 

 Parity Milk 
TM/CZ ± (SE) 

Milk 
TM/HS ± (SE) 

Fat 
TM/CZ ± (SE) 

Fat 
TM/HS ± (SE) 

Protein 
TM/CZ ± (SE) 

Protein 
TM/HS ± (SE) 

 1 0.97 (0.024) 0.82 (0.061) 0.92 (0.040) 0.83 (0.059) 0.95 (0.034) 0.78 (0.068) 
QU 2 0.96 (0.030) 0.89 (0.047) 0.91 (0.043) 0.89 (0.048) 0.98 (0.022) 0.81 (0.062) 

 3 0.99 (0.015) 0.94 (0.034) 0.94 (0.035) 0.91 (0.043) 0.98 (0.018) 0.90 (0.045) 
 1 0.88 (0.050) 0.65 (0.086) 0.77 (0.069) 0.78 (0.068) 0.93 (0.039) 0.52 (0.100) 

ON 2 0.95 (0.032) 0.85 (0.055) 0.90 (0.046) 0.90 (0.046) 0.91 (0.042) 0.80 (0.065) 
 3 0.95 (0.032) 0.87 (0.052) 0.94 (0.037) 0.95 (0.033) 0.97 (0.024) 0.91 (0.043) 
 1 0.97 (0.027) 0.28 (0.122) 0.90 (0.045) 0.78 (0.068) 0.98 (0.022) 0.06 (0.140) 

BC 2 0.97 (0.023) 0.78 (0.068) 0.94 (0.036) 0.91 (0.044) 0.99 (0.014) 0.70 (0.079) 
 3 0.98 (0.018) 0.71 (0.077) 0.96 (0.027) 0.94 (0.035) 0.99 (0.017) 0.70 (0.079) 
 1 0.94 (0.036) 0.55 (0.096) 0.89 (0.049) 0.81 (0.062) 0.92 (0.040) 0.29 (0.121) 

AM 2 0.89 (0.047) 0.70 (0.078) 0.92 (0.041) 0.89 (0.048) 0.96 (0.030) 0.72 (0.076) 
 3 0.98 (0.019) 0.91 (0.044) 0.93 (0.038) 0.84 (0.057) 0.98 (0.022) 0.85 (0.057) 
 1 0.87 (0.051) 0.54 (0.098) 0.90 (0.046) 0.83 (0.059) 0.95 (0.033) 0.43 (0.109) 

P 2 0.95 (0.032) 0.59 (0.093) 0.89 (0.047) 0.83 (0.060) 0.97 (0.023) 0.55 (0.097) 
 3 0.97 (0.025) 0.57 (0.095) 0.94 (0.036) 0.79 (0.067) 0.98 (0.021) 0.62 (0.089) 
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4.7 FIGURES 

Figure 4.1. Relationship between the temperature-humidity index (THI) and the average adjusted 
milk yield (kg) (row 1), average adjusted fat yield (g) (row 2), and average adjusted protein yield 
(g) (row 3) in Canada as well as the estimated THI thresholds (dotted lines) and fitted segmented 
polynomial functions (red line). 
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Figure 4.2. Relationship between the temperature-humidity index and the estimated breeding 
values for milk (column 1), fat (column 2), and protein yield (column 3), for the top 10 bulls from 
parity one. 



 

117 

 

Figure 4.3. Relationship between the temperature-humidity index and the estimated breeding 
values for milk (column 1), fat (column 2), and protein yield (column 3), for the top 10 bulls from 
parity two. 



 

118 

 

Figure 4.4. Relationship between the temperature-humidity index and the estimated breeding 
values for milk (column 1), fat (column 2), and protein yield (column 3), for the top 10 bulls from 
parity three.  
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CHAPTER 5: GENERAL CONCLUSIONS 

5.1 RESEARCH SUMMARY 

Heat stress is a prominent issue in livestock production, even for intensively housed dairy 

herds located in temperate regions. An environment with high heat loads can negatively impact 

the reproduction, productivity, and other physiological functions of dairy cattle. Heat stress can 

also result in substantial economic losses for the dairy industry (St-Pierre et al., 2003). In addition, 

it is likely that a 0.4°C increase in the global mean surface temperature will occur over the next 

two decades. Moreover, there is evidence that heat waves will become more intense, last for longer 

durations, and occur at higher frequencies, and that near-surface humidity and evaporation over 

land will increase (IPCC, 2013). This could result in an increase in the occurrence and severity of 

heat stress in dairy cattle, amplifying the negative impacts associated with high heat loads. 

However, using ground station observations to assess the impact of heat stress on dairy cattle can 

be difficult due to dataset gaps and the sparsity of stations in rural areas. Therefore, the purpose of 

this research was to investigate the impact of heat stress on dairy cattle in Canada as well as to 

evaluate the possibility of improving heat tolerance through genetic selection using an alternative 

weather data resource. 

In Chapter 1, the general topic of heat stress and heat tolerance as well as the associated 

challenges of heat stress and possible mitigation strategies within the context of dairy production 

were introduced. The overall aim of this thesis, the objectives of the three analyses, and the 

structure of the thesis chapters were also outlined in this chapter. In Chapter 2, the current literature 

on the Canadian dairy industry, thermoregulation, the impact and management of heat stress, heat 

tolerance definitions, heat stress indices, genotype-by-environment interactions (GxE), and 

phenotypic and genetic analyses of heat tolerance in dairy cattle were reviewed and summarized. 
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A few of the knowledge gaps and challenges that are associated with studying heat tolerance in 

dairy cattle were also discussed in this chapter. 

In Chapter 3, weather data from the National Aeronautics and Space Administration 

Prediction of Worldwide Energy Resources (NASA POWER) database was compared to weather 

data collected by ground stations. This analysis showed that NASA POWER data is a viable 

alternative resource of weather data for dairy cattle heat tolerance studies in Canada. There was a 

high correlation between temperature-humidity index (THI) values derived from parameters 

collected by weather stations and values calculated from NASA POWER weather estimates (R2 > 

0.95). Weather data from NASA POWER was also combined with test-day production records to 

quantify the impact of heat stress on three production traits in primiparous and multiparous dairy 

cattle for five regions in Canada (Ontario, Quebec, British Columbia, the Prairies, and the Atlantic 

Maritime). The results showed that the productivity of Canadian Holsteins from all regions and 

parities was negatively affected by high heat loads. 

However, the THI thresholds that marked the onset of heat stress and the subsequent rates 

of production decay differed between traits. For instance, protein and fat yield were negatively 

affected by heat stress at a lower THI value than milk yield. Furthermore, three THI thresholds 

were found for milk yield, whereas only one THI threshold was found for fat yield. THI thresholds 

also differed between regions. A possible explanation for these differences is that the main climatic 

factor contributing to the onset of heat stress differs between regions in Canada. For instance, some 

regions in Canada have a higher average humidity in the summer than other regions, while other 

regions had a higher average number of days in the year with a THI above their THI threshold. 

These factors affect the occurrence and severity of heat stress, possibly resulting in the observed 

differences found in the THI thresholds. Lastly, the average number of days per year with a THI 
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above the respective thresholds between 2010 and 2019 was substantial for each of the production 

traits. Therefore, heat stress negatively affects the productivity of dairy cattle on several days of 

the year making it a prevalent and important issue in the Canadian dairy industry. 

In Chapter 4, the prospect of improving heat tolerance in Canadian dairy cattle through 

genetic selection was investigated. A repeatability test-day model with a heat stress function was 

used to evaluate the genetic merit for milk, fat, and protein yield while accounting for heat stress 

in five regions in Canada. A heat stress function was defined using one specific THI threshold for 

each trait to quantify heat stress. Although multiple thresholds were found for protein and milk 

yield, only one THI threshold was selected for each trait. The lowest THI at which the respective 

production trait started to decline marked the onset of heat stress and was selected to define the 

heat stress function. A heat tolerant cow was defined as an individual that could maintain their 

productivity as the heat load in their environment increases. This study found that there was a low 

to moderate antagonistic relationship between production traits and heat tolerance. This is likely 

due to the high metabolic rate associated with improved milk production, which increases body 

heat production and subsequently diminishes the ability of a dairy cow to balance heat exchange 

in hot environments. It is possible that continuing to improve production traits using genetic 

selection without considering heat stress could further diminish the tolerance of dairy cattle to high 

heat loads. 

In addition, heat tolerance for the three production traits had low to moderate heritabilities. 

Variation in the tolerance of individuals to heat stress was also found. Therefore, genetic selection 

for heat tolerance is possible, but the genetic gain would be slightly slow due to the relatively low 

heritability of the traits. Lastly, the correlations between the breeding values accounting for heat 

stress and the breeding values that did not account for heat stress of a small group of sires that are 
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used for selection purposes were moderate for milk and protein yield. Therefore, there may be a 

strong GxE affecting protein and milk yield, which leads to a significant re-ranking among the 

top-ranked bulls between different thermal environments in Canada. Consequently, individuals 

that are highly ranked because of transmitting the ability to perform well during mild weather may 

have a lower ranking at high heat loads. This may have significant consequences for the genetic 

progress of production traits in Canadian Holsteins. 

5.2 FUTURE RESEARCH 

Possible ideas for future research in this field of study could include: (i) developing an 

alternative method to quantify heat stress rather than combining THI with test-day production 

records, (ii) accounting for microclimates and other factors that affect the incidence of heat stress, 

(iii) using a more sophisticated model to estimate the genetic parameters of heat tolerance, (iv) 

expanding the definition of heat tolerance to include other traits, (v) determining the factors that 

may significantly affect NASA POWER estimates of weather parameters, and (vi) investigating 

the effect of genotype-by-thermal environment interactions on different traits. 

The THI equation used in this study may not be the best indicator of heat stress for dairy 

cattle. It was developed to estimate human comfort at high environmental temperatures and the 

correlations with physiological parameters in dairy cattle have not been extensively studied. Other 

heat stress indices such as the sensible THI, the adjusted THI, and the Comprehensive Climate 

Index (CCI) have been shown to be more adept at quantifying heat stress (Mader et al., 2010; 

Hammami et al., 2013; Berman et al., 2016). However, the CCI and adjusted THI include the 

effects of wind speed and solar radiation. The datasets for these parameters can be inconsistent 

and unreliable making it difficult to apply these indices in dairy cattle heat stress studies. 

Furthermore, it is difficult to find literature applying the CCI, potentially due to its complicated 
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equation and the lack of solar radiation and wind speed data available (Herbut et al., 2018). 

Therefore, the THI equation that was used in this study is a suitable alternative. Still, it would be 

beneficial to further investigate other heat stress indices or different methods of quantifying heat 

stress in the future. In addition, test-day records do not capture the full impact of heat stress on 

dairy cattle since the cumulative effect of heat stress between test-days is ignored (Misztal et al., 

2006). However, test-day production records are the largest and most easily accessible resource 

for studying production traits in dairy cattle with no clear alternative resource. 

Most heat stress indices also fail to account for the numerous physical and biological 

interactions that occur during heat stress (Hahn et al., 2009). For instance, there are several factors 

that are specific to each dairy herd that affect the incidence and severity of heat stress. Therefore, 

it would be beneficial to collect information on the management, housing, and cooling systems of 

individual herds for future research. The inclusion of this data would likely increase the accuracy 

of heat stress thresholds, production decays, and genetic parameters of heat tolerance. It would 

also be beneficial to account for the impact of prolonged and intense heat events. Heat waves can 

have devastating effects on dairy cattle due to the high heat intensity and lack of nighttime cooling 

(Igono et al., 1992). Furthermore, animals take from several days to a few weeks to acclimatize to 

summer temperatures. Therefore, disastrous losses in dairy production can occur due to quick and 

extreme changes in climatic factors (Cossins and Bowler, 1987). It would be interesting to study 

the impact of prolonged and intense heat waves as well as spring heat events on production traits 

in dairy cattle. 

The heat stress response of an animal is complex since it involves several internal and 

external factors as well as numerous biological systems. Heat stress not only affects production, 

but influences a cow’s reproduction, health, and risk of mortality as well (Ravagnolo and Misztal, 
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2002; Vitali et al., 2009; Biffani et al., 2016). Therefore, the complete impact of heat stress on a 

dairy production system is not fully captured by solely analyzing production traits. Future studies 

should investigate the impact of heat stress on reproduction and health traits as well as the risk of 

mortality. Results from these studies could be combined to estimate the entire impact of heat stress 

on a dairy herd and the dairy industry. Furthermore, the effect of a GxE on fertility, health, and 

functional traits due to heat stress has not been widely studied (Calus, 2006; Hayes et al., 2016). 

Since there is some evidence that re-ranking occurs among bulls due to heat stress based on 

production traits, it may also be important to investigate how high heat loads affect the ranking of 

bulls based on other performance criteria as well. 

It may have been problematic to use a univariate repeatability model in this study since 

there can be culling bias associated with each parity being analyzed separately. This error may 

explain the low additive genetic variation for heat tolerance that was found for third parity cows. 

Future research could use a multiple trait analysis that includes the observations from all parities 

into one model to reduce this bias (Schaeffer, 2019). Univariate models were used instead of a 

multivariate model in this study to reduce the complexity and computational demand of these 

analyses, which was already challenging due to the multiple large datasets. Furthermore, more 

information about the data and genetic parameters was needed before a multivariate model could 

be applied. A multivariate model approach could potentially now be attempted based on the results 

of these univariate analyses. The heat stress function used in this study also assumed a universal 

threshold for all cows and a linear decay in the production traits after the respective thresholds for 

each trait. This is a simplified version of the actual relationship between production traits and an 

increasing THI. Future research using a test-day random regression model would allow for greater 
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flexibility and result in a better representation of the relationship between THI and production 

traits since it does not require defining a static universal threshold (Brügemann et al., 2011). 

Lastly, although NASA POWER estimates were found to be highly correlated to weather 

station observations, further investigation may be required. There is some evidence that proximity 

to water may bias NASA POWER temperature estimates and that temperature estimates from some 

months in early spring and fall had a greater error than summer months (White et al., 2008). The 

impact of seasonal and regional variation as well as the proximity to a large body of water on 

NASA POWER estimates, should be further examined. Furthermore, the NASA POWER 

estimates were only compared to the data from weather stations that were the closest to the center 

of each grid box. It is unknown if being located further or closer to the center of each grid box 

influences the accuracy of the NASA POWER estimates. 

In conclusion, heat stress negatively impacts the productivity of primiparous and 

multiparous Holsteins across Canada. However, it may be possible to improve the heat tolerance 

of Canadian dairy cattle through genetic selection. It may also be possible to use NASA POWER 

as a more reliable and consistent weather data resource for dairy cattle heat stress studies in 

Canada. This would be beneficial since the NASA POWER weather database does not have the 

same limitations as weather station networks. This research has expanded our understanding on 

the impact of heat stress on Canadian dairy cattle as well as provided insight into the possibility of 

breeding for improved heat tolerance. Nevertheless, more research is required to fully understand 

heat stress and heat tolerance in Canadian dairy cattle. 

  



 

126 

REFERENCES 

Aboelkhair, H., M. Morsy, and G. El Afandi. 2019. Assessment of agroclimatology NASA 
POWER reanalysis datasets for temperature types and relative humidity at 2 m against 
ground observations over Egypt. Adv. Sp. Res. 64:129–142. doi:10.1016/j.asr.2019.03.032. 

Aguilar, I., I. Misztal, and S. Tsuruta. 2009. Genetic components of heat stress for dairy cattle 
with multiple lactations. J. Dairy Sci. 92:5702–5711. doi:10.3168/jds.2008-1928. 

Aguilar, I., I. Misztal, and S. Tsuruta. 2010. Short communication: Genetic trends of milk yield 
under heat stress for US Holsteins. J. Dairy Sci. 93:1754–1758. doi:10.3168/jds.2009-2756. 

Alexander, L. V., X. Zhang, T.C. Peterson, J. Caesar, B. Gleason, A.M.G. Klein Tank, M. 
Haylock, D. Collins, B. Trewin, F. Rahimzadeh, A. Tagipour, K. Rupa Kumar, J. 
Revadekar, G. Griffiths, L. Vincent, D.B. Stephenson, J. Burn, E. Aguilar, M. Brunet, M. 
Taylor, M. New, P. Zhai, M. Rusticucci, and J.L. Vazquez-Aguirre. 2006. Global observed 
changes in daily climate extremes of temperature and precipitation. J. Geophys. Res. 
Atmos. 111:1–22. doi:10.1029/2005JD006290. 

Alexandratos, N., and J. Bruinsma. 2012. World Agriculture towards 2030/2050: The 2012 
Revision. Rome, Italy. 

Allen, M.R., O.P. Dube, W. Solecki, F. Aragón-Durand, W. Cramer, S. Humphreys, M. 
Kainuma, J. Kala, N. Mahowald, Y. Mulugetta, R. Perez, M. Wairiu, and K. Zickfel. 2018. 
Framing and Context. Pages 49-91 in Global Warming of 1.5°C. An IPCC Special Report 
on the impacts of global warming of 1.5°C above pre-industrial levels and related global 
greenhouse gas emission pathways, in the context of strengthening the global respo. V. 
Masson-Delmotte, P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. 
Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, 
M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, and T. Waterfield, ed. In Press. 

Armstrong, D.V. 1994. Heat Stress Interaction with Shade and Cooling. J. Dairy Sci. 77:2044–
2050. doi:10.3168/jds.s0022-0302(94)77149-6. 

Baes, C., G. Marras, A. Fleming, F. Malchiodi, and F. Miglior. 2018. Genetics , Genomics and 
Beyond : What to Expect from New Technologies in Dairy Cattle. WCDS Adv. Dairy 
Technol. 30:237–248. 

Baeta, F.C., N.F. Meador, M.D. Shanklin, and H.D. Johnson. 1987. Equivalent temperature 
index at temperatures above thermoneutral for lactating dairy cows. Am. Soc. Agric. Eng. 

Baumgard, L.H., and R.P. Rhoads. 2009. The effects of heat stress on nutritional and 
management decisions. West. Dairy Manag. Conf. 191–202. 



 

127 

Baye, T.M., T. Abebe, and R.A. Wilke. 2011. Genotype-environment interactions and their 
translational implications. Per. Med. 8:59–70. doi:10.2217/pme.10.75. 

Beavers, L., and B. Van Doormaal. 2019. Pro $ & LPI : Enhancements and Updates. 

Becker, C.A., R.J. Collier, and A.E. Stone. 2020. Invited review: Physiological and behavioral 
effects of heat stress in dairy cows. J Dairy Sci 103:6751-6770. doi:10.3168/jds.2019-17929 

Berman, A. 2005. Estimates of heat stress relief needs for Holstein dairy cows. J Anim Sci 
83:1377–1384. doi:10.2527/2005.8361377x. 

Berman, A. 2011. Invited review: Are adaptations present to support dairy cattle productivity in 
warm climates? J. Dairy Sci. 94:2147–2158. doi:10.3168/jds.2010-3962. 

Berman, A., T. Horovitz, M. Kaim, and H. Gacitua. 2016. A comparison of THI indices leads to 
a sensible heat-based heat stress index for shaded cattle that aligns temperature and 
humidity stress. Int. J. Biometeorol. 60:1453–1462. doi:10.1007/s00484-016-1136-9. 

Bernabucci, U., N. Lacetera, L.H. Baumgard, R.P. Rhoads, B. Ronchi, and A. Nardone. 2010. 
Metabolic and hormonal acclimation to heat stress in domesticated ruminants. Animal 
4:1167–1183. doi:10.1017/S175173111000090X. 

Bernabucci, U., S. Biffani, L. Buggiotti, A. Vitali, N. Lacetera, and A. Nardone. 2014. The 
effects of heat stress in Italian Holstein dairy cattle. J. Dairy Sci. 97:471–486. 
doi:10.3168/jds.2013-6611. 

Berry, I.L., M.D. Shanklin, and H.D. Johnson. 1964. Dairy Shelter Design. Trans. ASAE 329–
331. 

Berry, D.P. 2015. Breeding the dairy cow of the future: what do we need? Anim. Prod. Sci. 
55:823–837. doi:10.1071/an14835. 

Bianca, W. 1961. Heat tolerance in cattle-its concept, measurement and dependence on 
modifying factors. Int. J. Biometeorol. 5:5–30. doi:10.1007/BF02186917. 

Bianca, W. 1962. Relative importance of dry and wet-bulb temperatures in causing heat stress in 
cattle. 

Biffani, S., U. Bernabucci, A. Vitali, N. Lacetera, and A. Nardone. 2016. Short communication: 
Effect of heat stress on nonreturn rate of Italian Holstein cows. J. Dairy Sci. 99:5837–5843. 
doi:10.3168/jds.2015-10491. 



 

128 

Bishop-Williams, K.E., O. Berke, D.L. Pearl, K. Hand, and D.F. Kelton. 2015. Heat stress 
related dairy cow mortality during heat waves and control periods in rural Southern Ontario 
from 2010-2012. BMC Vet. Res. 11. doi:10.1186/s12917-015-0607-2. 

Bohmanova, J., I. Misztal, S. Tsuruta, H. Norman, and T. Lawlor. 2005. National genetic 
evaluation of milk yield for heat tolerance of United States Holsteins. Interbull Bull 33:160–
162. 

Bohmanova, J., I. Misztal, and J.B. Cole. 2007. Temperature-humidity indices as indicators of 
milk production losses due to heat stress. J. Dairy Sci. 90:1947–1956. doi:10.3168/jds.2006-
513. 

Bohmanova, J., I. Misztal, S. Tsuruta, H.D. Norman, and T.J. Lawlor. 2008. Short 
Communication: Genotype by environment interaction due to heat stress. J. Dairy Sci. 
91:840–846. doi:10.3168/jds.2006-142. 

Boichard, D., and M. Brochard. 2012. New phenotypes for new breeding goals in dairy cattle. 
Animal 6:544–550. doi:10.1017/s1751731112000018. 

Boonkum, W., I. Misztal, M. Duangjinda, V. Pattarajinda, S. Tumwasorn, and J. Sanpote. 2011. 
Genetic effects of heat stress on milk yield of Thai Holstein crossbreds. J. Dairy Sci. 
94:487–492. doi:10.3168/jds.2010-3421. 

Bouraoui, R., M. Lahmar, A. Majdoub, M. Djemali, and R. Belyead. 2004. The relationship of 
temperature-humidity index with milk production of dairy cows in a Mediterranean climate. 
Doi:10.1051/animres. 

Bowman. 1971. GxE interactions Ann. Genet. Sel. Anim. 4 (1): 117-123.  

Brügemann, K., E. Gernand, U. König von Borstel, and S. König. 2011. Genetic analyses of 
protein yield in dairy cows applying random regression models with time-dependent and 
temperature x humidity-dependent covariates. J. Dairy Sci. 94:4129–4139. 
doi:10.3168/jds.2010-4063. 

Brügemann, K., E. Gernand, U. König Von Borstel, and S. König. 2012. Defining and evaluating 
heat stress thresholds in different dairy cow production systems. Arch. Anim. Breed. 55:13–
24. doi:10.5194/aab-55-13-2012. 

Bryant, J.R., N. López-Villalobos, J.E. Pryce, C.W. Holmes, D.L. Johnson, and D.J. Garrick. 
2007. Environmental sensitivity in New Zealand dairy cattle. J. Dairy Sci. 90:1538–1547. 
doi:10.3168/jds.S0022-0302(07)71639-9. 



 

129 

Buffington, D.E., G.H. Canton, D. Pitt, W.W. Thatcher, and R.J. Collier. 1981. Black globe-
humidity index (BGHI) as comfort equation for dairy cows. Am. Soc. Agric. Eng. 24:711–
714. 

Calus, M.P.L. 2006. Estimation of Genotype × Environment Interaction for Yield, Health and 
Fertility in Dairy Cattle. 

Carabaño, M.J., K. Bachagha, M. Ramón, and C. Díaz. 2014. Modeling heat stress effect on 
Holstein cows under hot and dry conditions: Selection tools. J. Dairy Sci. 97:7889–7904. 
doi:10.3168/jds.2014-8023. 

Carabaño, M.J., B. Logar, J. Bormann, J. Minet, M.L. Vanrobays, C. Díaz, B. Tychon, N. 
Gengler, and H. Hammami. 2016. Modeling heat stress under different environmental 
conditions. J. Dairy Sci. 99:3798–3814. doi:10.3168/jds.2015-10212. 

Carabaño, M.J., M. Ramón, C. Díaz, A. Molina, M.D. Pérez-Guzmán, and J.M. Serradilla. 2017. 
Breeding and genetics symposium: Breeding for resilience to heat stress effects in dairy 
ruminants. A comprehensive review. J. Anim. Sci. 95:1813–1826. 
doi:10.2527/jas.2016.1114. 

Carabaño, M.J., M. Ramón, A. Menéndez-Buxadera, A. Molina, and C. Díaz. 2019. Selecting for 
heat tolerance. Anim. Front. 9:62–68. doi:10.1093/af/vfy033. 

Cargill, B. F., and R. E. Stewart. 1966. Effect of Humidity on Total Heat and Total Vapor 
Dissipation of Holstein Cows. Trans. ASAE 9:0702–0706. doi:10.13031/2013.40077. 

Canadian Dairy Commission (CDC). 2017. Canadian Dairy Commission: Cost of Production. 
Accessed September 6, 2019. https://cdc-ccl.ca/index.php/en/about-the-canadian-dairy-
commission/publications/production-cost-studies/ 

Canadian Dairy Information Centre (CDIC). 2021. Dairy Facts and Figures. Accessed May 6, 
2021. https://www.dairyinfo.gc.ca/index_e.php?s1=dff-fcil. 

Collier, R.J., D.K. Beede, W.W. Thatcher, L.A. Israel, and C.J. Wilcox. 1982. Influences of 
Environment and Its Modification on Dairy Animal Health and Production. J. Dairy Sci. 
65:2213–2227. doi:10.3168/jds.S0022-0302(82)82484-3. 

Collier, R.J., R.B. Zimbelman, R.P. Rhoads, M.L. Rhoads, and L.H. Baumgard. 2009. A Re-
evaluation of the Impact of Temperature-humidity Index (THI) and Black Globe Humidity 
Index (BGHI) on Milk Production in High Producing Dairy Cows 158–169. 

Collier, R.J., and J. Collier. 2012. Environmental Physiology of Livestock. 1st ed. John Wiley & 
Sons, Inc, Chichester, UK. 



 

130 

Collier, R.J., and K.G. Gebremedhin. 2015. Thermal Biology of Domestic Animals. Annu. Rev. 
Anim. Biosci. 3:513–532. doi:10.1146/annurev-animal-022114-110659. 

Collier, R.J., B.J. Renquist, and Y. Xiao. 2017. A 100-Year Review: Stress physiology including 
heat stress. J. Dairy Sci. 100:10367–10380. doi:10.3168/jds.2017-13676. 

Colston, J.M., T. Ahmed, C. Mahopo, G. Kang, M. Kosek, F. de Sousa Junior, P.S. Shrestha, E. 
Svensen, A. Turab, and B. Zaitchik. 2018. Evaluating meteorological data from weather 
stations, and from satellites and global models for a multi-site epidemiological study. 
Environ. Res. 165:91–109. doi:10.1016/j.envres.2018.02.027. 

Cossins, A.R., and K. Bowler. 1987. Temperature Biology of Animals. 1st ed. Chapman and 
Hall., London, England. 

Da Silva, R.G., A.S.C. Maia, and L.L. de Macedo Costa. 2014. Index of thermal stress for cows 
(ITSC) under high solar radiation in tropical environments. Int. J. Biometeorol. 59:551–559. 
doi:10.1007/s00484-014-0868-7. 

Das, R., L. Sailo, N. Verma, P. Bharti, J. Saikia, Imtiwati, and R. Kumar. 2016. Impact of heat 
stress on health and performance of dairy animals: A review. Vet. World 9:260–268. 
doi:10.14202/vetworld.2016.260-268. 

Davis, S.R., R.J. Spelman, and M.D. Littlejohn. 2017. Breeding and genetics symposium: 
Breeding heat tolerant dairy cattle: The case for introgression of the “slick” prolactin 
receptor variant into bos Tdairy breeds. J. Anim. Sci. 95:1788–1800. 
doi:10.2527/jas2016.0956. 

Dairy Farmers of Canada (DFC). 2019. Lowering Our Carbon Footprint. Accessed December 10, 
2019. https://dairyfarmersofcanada.ca/en/who-we-are/our-
commitments/sustainability/carbon-footprint 

Dikmen, S., and P.J. Hansen. 2009. Is the temperature-humidity index the best indicator of heat 
stress in lactating dairy cows in a subtropical environment? J. Dairy Sci. 92:109–116. 
doi:10.3168/jds.2008-1370. 

Dikmen, S., L. Martins, E. Pontes, and P.J. Hansen. 2009. Genotype effects on body temperature 
in dairy cows under grazing conditions in a hot climate including evidence for heterosis. Int. 
J. Biometeorol. 53:327–331. doi:10.1007/s00484-009-0218-3. 

Dikmen, S., F.A. Khan, H.J. Huson, T.S. Sonstegard, J.I. Moss, G.E. Dahl, and P.J. Hansen. 
2014. The SLICK hair locus derived from Senepol cattle confers thermotolerance to 
intensively managed lactating Holstein cows. J. Dairy Sci. 97:5508–5520. 
doi:10.3168/jds.2014-8087. 



 

131 

Lands Directorate. 1986. Terrestrial Ecozones of Canada. Ecological Land Classification No. 19.  

Eigenberg, R.A., T.M. Brown-Brandl, J.A. Nienaber, and G.L. Hahn. 2005. Dynamic response 
indicators of heat stress in shaded and non-shaded feedlot cattle, part 2: Predictive 
relationships. Biosyst. Eng. 91:111–118. doi:10.1016/j.biosystemseng.2005.02.001. 

Epstein, Y., and D.S. Moran. 2006. Thermal comfort and the heat stress indices. Ind. Health 
44:388–398. doi:10.2486/indhealth.44.388. 

Falconer, D.S. 1990. Selection in different environments: Effects on environmental sensitivity 
(reaction norm) and on mean performance. Genet. Res. 56:57–70. 
doi:10.1017/S0016672300028883. 

Freitas, M., I. Misztal, J. Bohmanova, and Torres R. 2006. Regional differences in heat stress in 
U.S. Holsteins. Genetics 8–9. 

Galán, E., P. Llonch, A. Villagrá, H. Levit, S. Pinto, and A. Del Prado. 2018. A systematic 
review of non-productivity related animal-based indicators of heat stress resilience in dairy 
cattle. PLoS One 13:1–19. doi:10.1371/journal.pone.0206520. 

Gantner, V., T. Bobic, R. Gantner, M. Gregic, K. Kuterovac, J. Novakovic, and K. Potocnik. 
2017. Differences in response to heat stress due to production level and breed of dairy cows. 
Int. J. Biometeorol. 61:1675–1685. doi:10.1007/s00484-017-1348-7. 

García-Ruiz, A., J.B. Cole, P.M. VanRaden, G.R. Wiggans, F.J. Ruiz-López, and C.P. Van 
Tassell. 2016. Changes in genetic selection differentials and generation intervals in US 
Holstein dairy cattle as a result of genomic selection. Proc. Natl. Acad. Sci. U. S. A. 
113:E3995–E4004. doi:10.1073/pnas.1519061113. 

Garner, J.B., M.L. Douglas, S.R.O. Williams, W.J. Wales, L.C. Marett, T.T.T. Nguyen, C.M. 
Reich, and B.J. Hayes. 2016. Genomic selection improves heat tolerance in dairy cattle. Sci. 
Rep. 6. doi:10.1038/srep34114. 

Gaughan, J.B., T.L. Mader, S.M. Holt, and A. Lisle. 2008. A new heat load index for feedlot 
cattle. J. Anim. Sci. 86:226–234. doi:10.2527/jas.2007-0305. 

Gilmour, A.R., B.J. Gogel, B.R. Cullis, S.J. Welham, and R. Thompson. 2015. ASReml User 
Guide Release 4.1 Functional Specification. 

Government of Canada. 2007. Culling and Replacement Rates in Dairy Herds in Canada. 
Accessed September 20, 2019. 
https://www.dairyinfo.gc.ca/resources/prod/dairy/pdf/genetics-cull_e.pdf.  



 

132 

Gunn, K.M., M.A. Holly, T.L. Veith, A.R. Buda, R. Prasad, C. Alan Rotz, K.J. Soder, and 
A.M.K. Stoner. 2019. Projected heat stress challenges and abatement opportunities for U.S. 
Milk production. PLoS One 14:1–21. doi:10.1371/journal.pone.0214665. 

Hahn, L., and J.D. Mcquigg. 1970. Evaluation of Climatological Records for Rational Planning 
of Livestock Shelters. 7:131–141. 

Hahn, G.L., John B. Gaughan, Terry L. Mader, and Roger A. Eigenberg. 2009. Chapter 5: 
Thermal Indices and Their Applications for Livestock Environments. Livest. Energ. Therm. 
Environ. Manag. 113–130. doi:10.13031/2013.28298. 

Hammami, H., N. Gengler, and B. Rekik. 2009. Genotype by environment interaction in dairy 
cattle. Biotechnol. Agron. Soc. Environ. 13:155–164. 

Hammami, H., J. Bormann, N. M’hamdi, H.H. Montaldo, and N. Gengler. 2013. Evaluation of 
heat stress effects on production traits and somatic cell score of Holsteins in a temperate 
environment. J. Dairy Sci. 96:1844–1855. doi:10.3168/jds.2012-5947. 

Hammami, H., J. Vandenplas, M.L. Vanrobays, B. Rekik, C. Bastin, and N. Gengler. 2015. 
Genetic analysis of heat stress effects on yield traits, udder health, and fatty acids of 
Walloon Holstein cows. J. Dairy Sci. 98:4956–4968. doi:10.3168/jds.2014-9148. 

Hansen, P.J. 2004. Physiological and cellular adaptations of zebu cattle to thermal stress. Anim. 
Reprod. Sci. 82–83:349–360. doi:10.1016/j.anireprosci.2004.04.011. 

Hayes, B.J., M. Carrick, P. Bowman, and M.E. Goddard. 2003. Genotype x environment 
interaction for milk production of daughters of Australian dairy sires from test-day records. 
J. Dairy Sci. 86:3736–3744. doi:10.3168/jds.S0022-0302(03)73980-0. 

Hayes, B.J., P.J. Bowman, A.J. Chamberlain, K. Savin, C.P. van Tassell, T.S. Sonstegard, and 
M.E. Goddard. 2009. A validated genome wide association study to breed cattle adapted to 
an environment altered by climate change. PLoS One 4:1–8. 
doi:10.1371/journal.pone.0006676. 

Hayes, B., and M. Goddard. 2010. Genome-wide association and genomic selection in animal 
breeding. Genome 53:876–883. doi:10.1139/G10-076. 

Hayes, B.J., H.D. Daetwyler, and M.E. Goddard. 2016. Models for genome × environment 
interaction: Examples in livestock. Crop Sci. 56:2251–2259. 
doi:10.2135/cropsci2015.07.0451. 



 

133 

Herbut, P., S. Angrecka, and J. Walczak. 2018. Environmental parameters to assessing of heat 
stress in dairy cattle—a review. Int. J. Biometeorol. 62:2089–2097. doi:10.1007/s00484-
018-1629-9. 

Hoegh-Guldberg, O., D. Jacob, M. Taylor, M. Bindi, S. Brown, I. Camilloni, A. Diedhiou, R. 
Djalante, K.L. Ebi, F. Engelbrecht, J. Guiot, Y. Hijioka, S. Mehrotra, A. Payne, S.I. 
Seneviratne, A. Thomas, R. Warren, and G. Zhou. 2018. Impacts of 1.5oC Global Warming 
on Natural and Human Systems. Pages 175-311 in Global Warming of 1.5°C. An IPCC 
Special Report on the impacts of global warming of 1.5°C above pre-industrial levels. V. 
Masson-Delmotte, P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. 
Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, 
M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, and T. Waterfield, ed. In Press. 

Holder, C., R. Boyles, A. Syed, D. Niyogi, and S. Raman. 2006. Comparison of collocated 
automated (NCECONet) and manual (COOP) climate observations in North Carolina. J. 
Atmos. Ocean. Technol. 23:671–682. doi:10.1175/JTECH1873.1. 

Holter, J.B., J.W. West, M.L. McGilliard, and A.N. Pell. 1996. Predicting Ad Libitum Dry 
Matter Intake and Yields of Jersey Cows. J. Dairy Sci. 79:912–921. doi:10.3168/jds.S0022-
0302(96)76441-X. 

Howard, T.D., and M.E. Ensminger. 2006. Dairy Cattle Science. 4th ed. Pearson Education, 
Upper Saddle River, United States. 

Hubbard, K.G., and S.E. Hollinger. 2005. Standard meteorological measurements. 
Micrometeorology Agric. Syst. 1–30. doi:10.2134/agronmonogr47.c1. 

Igono, M.O., G. Bjotvedt, and H.T. Sanford-Crane. 1992. Environmental profile and critical 
temperature effects on milk production of Holstein cows in desert climate. Int. J. 
Biometeorol. 36:77–87. doi:10.1007/BF01208917. 

Ingraham, R.H., D.D. Gillette, and W.D. Wagner. 1974. Relationship of Temperature and 
Humidity to Conception Rate of Holstein Cows in Subtropical Climate. J. Dairy Sci. 
57:476–481. doi:10.3168/jds.S0022-0302(74)84917-9. 

Intergovernmental Panel on Climate Change (IPCC). 2013. Intergovernmental Panel on Climate 
Change Working Group I. Climate Change 2013: The Physical Science Basis. Long-term 
Climate Change: Projections, Commitments and Irreversibility. Cambridge Univ. Press. 
New York 1029–1136. doi:10.1017/CBO9781107415324.024. 

Jingar, S.C., R.K. Mehla, and M. Singh. 2014. Climatic effects on occurrence of clinical mastitis 
in different breeds of cows and buffaloes. Arch. Zootec. 63:473–482. doi:10.4321/s0004-
05922014000300008. 



 

134 

Johnson, H., M. Shanklin, and L. Hahn. 1988. Productive adaptability of Holstein cows to 
environmental heat. Columbia, United States. 

Kadzere, C.T., M.R. Murphy, N. Silanikove, and E. Maltz. 2002. Heat stress in lactating dairy 
cows: A review. Livest. Prod. Sci. 77:59–91. doi:10.1016/S0301-6226(01)00330-X. 

Kolmodin, R. 2003. Reaction Norms for the Study of Genotype by Environment Interaction in 
Animal Breeding.  

Lacetera, N., U. Bernabucci, B. Ronchi, D. Scalia, and A. Nardone. 2002. Moderate summer heat 
stress does not modify immunological parameters of Holstein dairy cows. Int. J. 
Biometeorol. 46:33–37. doi:10.1007/s00484-001-0115-x. 

Lacetera, N., U. Bernabucci, D. Scalia, B. Ronchi, G. Kuzminsky, and A. Nardone. 2005. 
Lymphocyte functions in dairy cows in hot environment. Int. J. Biometeorol. 50:105–110. 
doi:10.1007/s00484-005-0273-3. 

Lacetera, N., U. Bernabucci, D. Scalia, L. Basiricò, P. Morera, and A. Nardone. 2010. Heat 
Stress Elicits Different Responses in Peripheral Blood Mononuclear Cells from Brown 
Swiss and Holstein Cows. J. Dairy Sci. 89:4606–4612. doi:10.3168/jds.s0022-
0302(06)72510-3. 

Lactanet. 2019. Average Gain in LPI and Pro $ Reliability Due to Genomics. Can. Dairy Netw. 

Lambertz, C., C. Sanker, and M. Gauly. 2014. Climatic effects on milk production traits and 
somatic cell score in lactating Holstein-Friesian cows in different housing systems. J. Dairy 
Sci. 97:319–329. doi:10.3168/jds.2013-7217. 

Li, S., K.G. Gebremedhin, C.N. Lee, and R.J. Collier. 2009. Evaluation of thermal stress indices 
for cattle. Am. Soc. Agric. Biol. Eng. Annu. Int. Meet. 2009, ASABE 2009 4:2283–2302. 
doi:10.13031/2013.27441. 

Macciotta, N.P.P., S. Biffani, U. Bernabucci, N. Lacetera, A. Vitali, P. Ajmone-Marsan, and A. 
Nardone. 2017. Derivation and genome-wide association study of a principal component-
based measure of heat tolerance in dairy cattle. J. Dairy Sci. 100:4683–4697. 
doi:10.3168/jds.2016-12249. 

Mader, T.L., M.S. Davis, and T. Brown-Brandl. 2006. Environmental factors influencing heat 
stress in feedlot cattle. J. Anim. Sci. 84:712–719. doi:10.2527/2006.843712x. 

Mader, T.L., L.J. Johnson, and J.B. Gaughan. 2010. A comprehensive index for assessing 
environmental stress in animals. J. Anim. Sci. 88:2153–2165. doi:10.2527/jas.2009-2586. 



 

135 

Mahmood, R., S.A. Foster, and D. Logan. 2006. The GeoProfile metadata, exposure of 
instruments, and measurement bias in climatic record revisited. Int. J. Climatol. 26:1091–
1124. doi:10.1002/joc.1298. 

Monteiro, L.A., P.C. Sentelhas, and G.U. Pedra. 2018. Hourly station-based precipitation 
characteristics over the Tibetan plateau. Int. J. Climatol. 38:1560–1570. 
doi:10.1002/joc.5282. 

McDowell, R.E.E., J.C.C. Wilk, and C.W.W. Talbott. 1996. Economic Viability of Crosses of 
Bos taurus and Bos indicus for Dairying in Warm Climates. J. Dairy Sci. 79:1292–1303. 
doi:10.3168/jds.S0022-0302(96)76484-6. 

Mekis, E., N. Donaldson, J. Reid, A. Zucconi, J. Hoover, Q. Li, R. Nitu, and S. Melo. 2018. An 
Overview of Surface-Based Precipitation Observations at Environment and Climate Change 
Canada. Atmos. - Ocean 56:71–95. doi:10.1080/07055900.2018.1433627. 

Miglior, F., A. Fleming, F. Malchiodi, L.F. Brito, P. Martin, and C.F. Baes. 2017. A 100-Year 
Review: Identification and genetic selection of economically important traits in dairy cattle. 
J. Dairy Sci. 100:10251–10271. doi:10.3168/jds.2017-12968. 

Miller, W.J. 1979. Dairy Cattle Feeding and Nutrition. Academic Press, New York, USA. 

Miller, N.A., and J.H. Stillman. 2012. Physiolgoical Optima and Critical Limits. Nat. Educ. 
Knowl. 3:1. 

Misztal, I., J. Bohmanova, M. Freitas, S. Tsuruta, H.D. Norman, and T.J. Lawlor. 2006. Issues in 
genetic evaluation of dairy cattle for heat tolerance. Page in 8th World Congress on 
Genetics Applied to Livestock Production. 

Misztal, I., and P. Lovendahl. 2012. Genotype by Environment Interactions in Commercial 
Populations. Environ. Physiol. Livest. 289–307. doi:10.1002/9781119949091.ch16. 

Misztal, I. 2017. Breeding and genetics symposium: Resilience and lessons from studies in 
genetics of heat stress. J. Anim. Sci. 95:1780–1787. doi:10.2527/jas2016.0953. 

Moran, D.S., K.B. Pandolf, Y. Shapiro, Y. Heled, Y. Shani, W.T. Mathew, and R.R. Gonzalez. 
2001. An environmental stress index (ESI) as a substitute for the wet bulb globe 
temperature (WBGT). J. Therm. Biol. 26:427–431. doi:10.1016/S0306-4565(01)00055-9. 

Moran, D.S., T. Erlich, and Y. Epstein. 2007. The heat tolerance test: An efficient screening tool 
for evaluating susceptibility to heat. J. Sport Rehabil. 16:215–221. doi:10.1123/jsr.16.3.215. 



 

136 

Nardone, A., B. Ronchi, N. Lacetera, M.S. Ranieri, and U. Bernabucci. 2010. Effects of climate 
changes on animal production and sustainability of livestock systems. Livest. Sci. 130:57–
69. doi:10.1016/j.livsci.2010.02.011. 

Nguyen, T.T.T., J. Garner, M. Douglas, R.O. Williams, W.J. Wales, and L.C. Marett. 2013. 
Development , validation and implementation of genomic breeding values for heat tolerance 
in Holstein cattle. Glob. Stand. Livest. Data 85–92. 

Nguyen, T.T.T., P.J. Bowman, M. Haile-Mariam, J.E. Pryce, and B.J. Hayes. 2016. Genomic 
selection for tolerance to heat stress in Australian dairy cattle. J. Dairy Sci. 99:2849–2862. 
doi:10.3168/jds.2015-9685. 

Nguyen, T.T.T., B.J. Hayes, and J.E. Pryce. 2017. A practical future-scenarios selection tool to 
breed for heat tolerance in Australian dairy cattle. Anim. Prod. Sci. 57:1488–1493. 
doi:10.1071/AN16449. 

Nguyen, T.T.T., A. Victoria, J. Garner, S.G. Victoria, and J. Pryce. 2018. Breeding Focus 2018 – 
Reducing Heat Stress. Animal Genetics and Breeding Unit. ISBN: 978-1-921597-78-7.  

Nickerson, S.C. 2014. Management Strategies to Reduce Heat Stress , Prevent Mastitis and 
Improve Milk Quality in Dairy Cows and Heifers. UGA Ext. 1–10. 

National Research Council (NRC). 2001. Nutrients Requirements of Dairy Cattle. 7th ed. 
National Academy Press, Washington, USA. 

Ouellet, V., V.E. Cabrera, L. Fadul-Pacheco, and Charbonneau. 2019. The relationship between 
the number of consecutive days with heat stress and milk production of Holstein dairy cows 
raised in a humid continental climate. J. Dairy Sci. 102:8537–8545. doi:10.3168/jds.2018-
16060. 

Phillips, C.J. 2010. Principles of Cattle Production. 2nd ed. Cambridge University Press, 
Oxfordshire, UK. 

Philipson, J., G. Banos, and T. Arnason. 1994. Present and Future Uses of Selection Index 
Methodology in Dairy Cattle. J. Dairy Sci. 77:3252–3261. doi:10.3168/jds.S0022-
0302(94)77266-0. 

Purwanto, B.P., Y. Abo, R. Sakamoto, S. Yamamoto, and F. Furumoto. 1990. Diurnal patterns of 
heat production and heart rate under thermoneutral conditions in Holstein Friesian cows 
differing in milk production. J. Agric. Sci. 114:139–142. doi:10.1017/S0021859600072117. 

Rauw, W.M., and L. Gomez-Raya. 2015. Genotype by environment interaction and breeding for 
robustness in livestock. Front. Genet. doi:10.3389/fgene.2015.00310. 



 

137 

Ravagnolo, O., and I. Misztal. 2000. Genetic component of heat stress in dairy cattle, parameter 
estimation. J. Dairy Sci. 83:2126–2130. doi:10.3168/jds.S0022-0302(00)75095-8. 

Ravagnolo, O., I. Misztal, and G. Hoogenboom. 2000. Genetic component of heat stress in dairy 
cattle, development of heat index function. J. Dairy Sci. 83:2120–2125. 
doi:10.3168/jds.S0022-0302(00)75094-6. 

Ravagnolo, O., and I. Misztal. 2002. Effect of heat stress on nonreturn rate in holstein cows: 
Genetic analyses. J. Dairy Sci. 85:3092–3100. doi:10.3168/jds.S0022-0302(02)74396-8. 

Reis-Filho, J.S., R. Soares, and F.C. Schmitt. 2014. Climate Change 2014: Synthesis Report. 
Contribution of Working Groups I, II and III to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. 

Robertshaw, D. 1974. Environmental Physiology. 1st ed. A.C. Guyton and D. Horrobin, ed. 
Butterworth & Co. Ltd., Maryland, USA. 

Romero-Lankao, P., J.B. Smith, D.J. Davidson, N.S. Diffenbaugh, P.L. Kinney, P. Kirshen, P. 
Kovacs, and L.V. Ruiz. 2014. North America. Pages 149-1498 in Climate Change 2014: 
Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects. Contribution of Working 
Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 
V.R. Barros, C.B. Field, D.J. Dokken, M.D. Mastrandrea, K.J. Mach, T.E. Bilir, M. 
Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. 
MacCracken, P.R. Mastrandrea, and L.L. White, ed. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA. 

Saizi, T., M. Mpayipheli, and P.A. Idowu. 2019. Heat tolerance level in dairy herds: A review on 
coping strategies to heat stress and ways of measuring heat tolerance. J. Anim. Behav. 
Biometeorol. 7:39–51. doi:10.31893/2318-1265jabb.v7n2p39-51. 

Sánchez, J.P., I. Misztal, I. Aguilar, B. Zumbach, and R. Rekaya. 2009. Genetic determination of 
the onset of heat stress on daily milk production in the US Holstein cattle. J. Dairy Sci. 
92:4035–4045. doi:10.3168/jds.2008-1626. 

Sammad, A., Y.J. Wang, S. Umer, H. Lirong, I. Khan, A. Khan, B. Ahmad, and Y. Wang. 2020. 
Nutritional Physiology and Biochemistry of Dairy Cattle under the Influence of Heat 
Stress: Consequences and Opportunities. Animals 10:793. doi:10.3390/ani10050793. 

Schaeffer, L.R. 2019. Animal Models. Self-Published. ISBN: 1999142306.  

Schefers, J.M., and K.A. Weigel. 2012. Genomic selection in dairy cattle: Integration of DNA 
testing into breeding programs. Anim. Front. 2:4–9. doi:10.2527/af.2011-0032. 



 

138 

Schoen, C. 2005. A new empirical model of the temperature-humidity index. J. Appl. Meteorol. 
44:1413–1420. doi:10.1175/JAM2285.1. 

Shook, G.E. 1989. Selection for Disease Resistance. J. Dairy Sci. 72:1349–1362. 
doi:10.3168/jds.S0022-0302(89)79242-0. 

Simms, E.L. 2000. Defining tolerance as a norm of reaction. Evol. Ecol. 14:563–570. 
doi:10.1023/A:1010956716539. 

Smith, D.L., T. Smith, B.J. Rude, and S.H. Ward. 2013. Short communication: Comparison of 
the effects of heat stress on milk and component yields and somatic cell score in Holstein 
and Jersey cows. J. Dairy Sci. 96:3028–3033. doi:10.3168/jds.2012-5737. 

Sørensen, M.K., E. Norberg, J. Pedersen, and L.G. Christensen. 2008. Invited review: 
Crossbreeding in dairy cattle: A Danish perspective. J. Dairy Sci. 91:4116–4128. 
doi:10.3168/jds.2008-1273. 

Spiers, D.E., J.N. Spain, J.D. Sampson, and R.P. Rhoads. 2004. Use of physiological parameters 
to predict milk yield and feed intake in heat-stressed dairy cows. J. Therm. Biol. 29:759–
764. doi:10.1016/j.jtherbio.2004.08.051. 

Stackhouse, P.W., T. Zhang, D. Westberg, A.J. Barnett, T. Bristow, B. Macpherson, J.M. Hoell, 
and B.A. Hamilton. 2018. POWER Release 8.0.1 (with GIS Applications) Methodology. 

St-Pierre, N.R., B. Cobanov, and G. Schnitkey. 2003. Economic losses from heat stress by US 
livestock industries. J. Dairy Sci. 86:E52–E77. doi:10.3168/jds.S0022-0302(03)74040-5. 

St-Pierre, N.R. 2017. Changes in Canadians’ preferences for milk and dairy products. Statistics 
Canada. VISTA on the agri-food industry and the farm community. ISSN 1481-8999X.  

Stull, C.L., L.L.M. Messam, C.A. Collar, N.G. Peterson, A.R. Castillo, B.A. Reed, K.L. 
Andersen, and W.R. VerBoort. 2008. Precipitation and Temperature Effects on Mortality 
and Lactation Parameters of Dairy Cattle in California. J. Dairy Sci. 91:4579–4591. 
doi:10.3168/jds.2008-1215. 

Swan, H. 1974. Thermoregulation and Bioenergetics. Elsevier Publishing Co., Inc., New York, 
USA. 

Tao, S., and G.E. Dahl. 2013. Invited review: heat stress effects during late gestation on dry 
cows and their calves. J. Dairy Sci. 96:4079–4093. doi:10.3168/jds.2012-6278. 



 

139 

Tao, S., R.M. Orellana, X. Weng, T.N. Marins, G.E. Dahl, and J.K. Bernard. 2018. Symposium 
review: The influences of heat stress on bovine mammary gland function. J. Dairy Sci. 
101:5642–5654. doi:10.3168/jds.2017-13727. 

Thom, E.C. 1959. The Discomfort Index. Weatherwise 12:57–61. 
doi:10.1080/00431672.1959.9926960. 

Toms, J.D., and M.L. Lesperance. 2003. Piecewise Regression: A tool for identifying ecological 
thresholds. Ecol. Soc. Am. 84:2034–2041. 

Van Doormaal, B. 2012. Increased Rates of Genetic Gain with Genomics. Can. Dairy Netw. 

Van Doormaal, B. 2015. Canada Introduces its New Profit Index: Pro $. Can. Dairy Netw. 

Vitali, A., M. Segnalini, L. Bertocchi, U. Bernabucci, A. Nardone, and N. Lacetera. 2009. 
Seasonal pattern of mortality and relationships between mortality and temperature-humidity 
index in dairy cows. J. Dairy Sci. 92:3781–3790. doi:10.3168/jds.2009-2127. 

Wakchaure, R., S. Ganguly, and P. Praveen. 2016. Genotype X Environment Interaction in 
Animal Breeding: A Review. Biodivers. Conserv. Chang. Clim. 60–73. 

West. 2000. Physiological effects of heat stress on production and reproduction. Tri-state dairy 
Nutr. Conf. 1–192. 

West. 2003. Effects of heat-stress on production in dairy cattle. J. Dairy Sci. 86:2131–2144. 
doi:10.3168/jds.S0022-0302(03)73803-X. 

White, J.W., G. Hoogenboom, P.W. Stackhouse, and J.M. Hoell. 2008. Evaluation of NASA 
satellite- and assimilation model-derived long-term daily temperature data over the 
continental US. Agric. For. Meteorol. 148:1574–1584. 
doi:10.1016/j.agrformet.2008.05.017. 

World Meteorological Organization (WMO). 2008. Guide to Meteorological Instruments and 
Methods of Observation. 

Wu, H., K.G. Hubbard, and J. You. 2005. Some concerns when using data from the cooperative 
weather station networks: A Nebraska case study. J. Atmos. Ocean. Technol. 22:592–602. 
doi:10.1175/JTECH1733.1. 

Zimbelman, R.B., R.P. Rhoads, R.J. Collier, and G.C. Duff. 2009. A re-evaluation of the impact 
of temperature-humidity index (THI) and black globe humidity index (BGHI) on milk 
production in high producing dairy cows. Pages 158–169. 



 

140 

Zwald, N.R., K.A. Weigel, W.F. Fikse, and R. Rekaya. 2003. Identification of factors that cause 
genotype by environment interaction between herds of Holstein cattle in seventeen 
countries. J. Dairy Sci. 86:1009–1018. doi:10.3168/jds.S0022-0302(03)73684-4. 


